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PREFACE 



This book is a textbook for a course in estuarine ecol- 
ogy designed to introduce students to the function 
and structure of esfuarine ecosysfems. If is designed 
primarily for an infroducfory graduafe course, buf if 
can also serve as a general resource book for esfuarine 
ecologisfs. This book is fhe second edition of Esfuar- 
ine Ecology; fhe firsf edition was published in 1989. 
Clearly fhere have been enormous advances since 
fhen, and fhis second edifion has expanded from 13 
fo 21 chapfers fo cover fhese advances. Some topics, 
such as climafe change, were of relafively minor 
inferesf prior fo 1989, buf have since become cenfral 
fo esfuarine ecology. And fhere has been a dramafic 
increase in informafion abouf esfuarine ecosysfems, 
growing human impacfs on fhese systems, and fheir 
value fo sociefy. This informafion is documented 
fhroughouf fhe book. Anofher significanf change is 
fhaf we moved from a book in which mosf of fhe 
chapfers were wriffen by a small handful of aufhors 
fo an edited volume wifh many aufhors. This was 
necessary because of fhe expansion of fhe bredfh 
of esfuarine science and fhe challenge of having a 
few aufhors adequately cover fhe subjecf. Thus, we 
reached ouf fo a number of well-known experfs fo 
prepare individual chapfers. Buf we endevoured fo 
have fhem use a generally consisfenf formal fo ensure 
a comprehensive coverage of esfuarine ecology. 



The chapfers in fhe book proceed logically 
fhrough fhe science of esfuarine ecology. The firsf 
chapfer infroduces esfuaries and esfuarine ecology, 
and describes some of fhe background, definitions, 
fheory, and issues of esfuarine ecology. The nexf 
two chapters deal with physical, geological, and 
chemical aspects of esfuaries. The nafure of esfuarine 
ecosysfems is fo a greaf exfenf determined by a com- 
plex and d 5 mamic physical, geological, and chemical 
environmenf. Therefore, a basic undersfanding of 
fhese fopics is essential for a comprehension of 
esfuarine ecology. Then fhere is a group of chapfers 
on primary producers of esfuaries. Two new chapfers 
are added compared fo fhe firsf edifion so fhaf phy- 
toplankton, seagrasses, coasfal marshes, mangroves, 
and benfhic algae are covered. After fhaf are two 
chapfers on microbes in esfuaries covering esfuarine 
microbial ecology and esfuarine microbial food 
webs, fhe latter being a new chapfer for fhe second 
edifion. Eour chapfers follow fhaf covering esfuarine 
consumers including zooplankton, benfhos, nekton, 
and wildlife. The nexf fhree chapfers cover emergenf, 
holisfic properfies of esfuarine ecosyfems including 
mefabolism, food webs, and budgefs. All of fhese 
chapfers develop defailed informafion on faxonomy, 
physiology, life histories, ecological role, growfh, 
mefabolism, and interaction wifh abiofic factors. 
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PREFACE 



The last four chapters deal with fisheries, human 
impact and management, the effect of climate change 
on estuaries, and the role of modeling in estuarine 
science. 

Our primary motivation for preparing this book 
was to update the first edition that is now very much 
out of date. In the intervening two decades since 
the publication of the first edition, many very good 
books have been written on estuarine science. But, 
we believe none of them really meets the need for 
an introductory text on estuarine ecology. Thus, we 



undertook this effort. We also hope that this book 
will become a “work in progress" that can be more 
easily updated on a regular basis because of the 
participation of many experts. The arduous task of 
preparing such a book by one or a few authors is part 
of the reason for the long delay in the second edition. 

Baton Rouge, Louisiana John W. Day, Jr. 

Cambridge, Maryland Byron C. Crump 

Cambridge, Maryland W. Michael Kemp 

Xalapa, Mexico Alejandro Yanez-Arancibia 

October 2011 
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CHAPTER! 



ONE 



INTRODUCTION TO ESTUARINE 
ECOLOGY 



John W. Day Jr., Alejandro Yahez-Arancibia, W. Michael Kemp, 
and Byron C. Crump 



1.1 BACKGROUND, THEORY, 
AND ISSUES 



We begin this description of estuaries and their 
functions by defining esfuaries very broadly as fhaf 
porfion of fhe earfh's coasfal zone where fhere is 
inferacfion of ocean wafer, fresh wafer, land, and 
afmosphere. Large esfuarine zones are mosf common 
in low relief coasfal regions such as fhe broad coasfal 
plains of Europe and fhe easf coasf of Norfh America. 
They are much less common in upliffed coasflines 
such as fhe Pacific edge of Norfh and Soufh America. 
We begin our assessmenf as broadly as possible fo 
include all porfions of fhe earfh fhaf inferacf af fhe 
edge of fhe sea because fhese regions influence fhe 
smaller scale ecosysfems somefimes more narrowly 
defined as esfuaries proper. 

From fhe vantage point of an orbiting safellife, 
several of fhe mosf basic atfribufes of esfuaries are 
observable. Plumes of sedimenf-laden wafer floaf 
seaward on fhe ocean surface from fhe largesf rivers, 
such as fhe Amazon, fhe Ganges, and fhe Mississippi. 
Color differences among various water masses, rep- 
resenting waters of differenf histories and differenf 
biotic richness, are often apparent. Coastal waters in 
areas with significant riverine input and broad shelf 
areas generally appear more greenish brown fhan fhe 



deep blue wafers adjacenf fo many ofher coasflines. 
There are also afmospheric feafures of imporfance 
fo esfuaries obvious from space. Clouds commonly 
form direcfly over fhe edges of continenfs as one 
manifesfafion of fhe afmospheric 'Thermal engine" 
thaf mainfains fhe freshwafer cycle on which esfuar- 
ies depend. At the altitude of a safellife, fhe dense 
human populations fhaf proliferate in coasfal zones 
are ouf lined af nighf by fheir lighfs. 

The two mosf recenf geological epochs, collec- 
tively named fhe Holocene, could be called the age 
of the estuary, for esfuaries are abundanf foday, even 
fhough fhey are geologically tenuous. All presenf 
day esfuaries are less fhan abouf 5000 years old, rep- 
resenting fhe time since sea level reached near ifs 
presenf level following fhe lasf ice age. Human popu- 
lations flourished during fhis same period, in no small 
measure owing fo exploifafion of fhe rich esfuarine 
resources of fhe coasfal margin. Mosf "cradles of civ- 
ilization" arose in delfaic and lower floodplain areas 
where nafural biofa was abundanf and where flood- 
ing cycles produced fhe rich boffomland soils and 
readily available freshwafer supplies on which agri- 
culfure flourished (Kenneff and Kenneff, 2006; Day 
ef al., 2007). Early centers of civilization that devel- 
oped in estuarine or deltaic environments include 
those of fhe Tabascan lowlands of Mexico; fhe val- 
ley of fhe Nile; Tigris-Euphrafes, Yellow, and Indus 
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CHAPTER ONE Introduction to Estuarine Ecology 



Rivers; and along the Andean coast of western South 
America where upwelling systems bordered estuar- 
ine systems. 

Let us now continue our aerial survey of esfuaries, 
buf this time at a much lower altitude, about 1000 m, 
in a light airplane following fhe course of a coasfal 
plain river in fhe temperate zone from ifs headwaters 
to the ocean. The headwater river is narrow with 
rapids and falls, buf changes near fhe coasf fo a larger 
meandering form wifh broad marshy areas where 
fhe acfual edge of fhe river is nof always clearly 
evident. The color of fhe wafer changes from clear 
blue to yellowish brown as the river picks up silt. As 
the river water nears the coast tidal currents become 
apparent and, moving seaward, the influence of fidal 
currents becomes greater. 

Along the banks of the estuary, fresh and brackish 
wafer marsh planfs grow af the edges of embaymenfs. 
These marshes are offen flanked by rows of houses 
and yards and sparmed by narrow piers fo provide 
access to deeper water. Among these marshes, a vari- 
ety of wading birds may be observed sfalking fheir 
prey at the water's edge. Where the water is shallow 
and relatively clear, dark-colored patches indicate the 
presence of submersed grass beds. 

As we fravel seaward, the tidal influence becomes 
more imporfant and the intertidal zone becomes more 
extensive. Larger piers and bulkheads interrupt the 
banks of the estuary, and brown mud flats come into 
view, as well as greenish gray oyster reefs fringing 
fhe banks or dotfing the mud flats. Various birds such 
as oystercatchers feed on the reefs, along with an 
occasional raccoon. The mud flats are peppered with 
mud snails, and just beneath the surface are feem- 
ing communities of small worms and crusfaceans. 
Various shore birds are feeding af fhe water's edge, 
and skimmers fly along in quief areas, plowing a 
furrow in the water with their lower bill as they fish 
for silversides and other small fish. The darker col- 
ored path of a deep shipping charmel mainfained by 
dredging is evident toward the middle of fhe estuary 
and contrasts with the lighter colored shallows. 

The mouth of fhe estuary takes the form of a 
broad sound fhaf opens up behind a barrier island. 
The sound is shallow, and we can see porpoises 
herding schools of juvenile menhaden, followed by 
gulls frying to get in on the action. Crab pot buoys 
and fishing boats are much in evidence. On either side 
of fhe barrier island are narrow passes wifh visible 
eddies and sfrange wave patterns, indicating rapid 
and complex currents. 

Along the ocean beach, a number of shrimp boats 
raise long spiraling muddy plumes of sedimenf as 
fhey drag fheir frawls along fhe bottom. A kilometer 



or so offshore of the tidal passes the water changes 
color from dark brownish green to a lighter, less 
turbid green. Further offshore, it is a darker and bluer 
color. 

On the landward side of mosf such barrier islands, 
there are flat intertidal areas colonized by salt marsh 
plants. The highest part of the island includes some 
oak trees. The beach may include a series of dunes, 
wifh the farthest from the ocean being covered with 
vegetation and the nearer dunes being less vegetated. 
The seaward side of fhe dune closesf to the ocean has 
much less vegetation because the wave energy from 
storms makes it difficult for plants to survive. In parts 
of fhe beach-barrier system, vacation houses have 
replaced the dunes, and straight navigation channels 
have replaced twisting tidal charmels. 

In summary, from many elevafions esfuaries 
can be seen as complex, dynamic, and biotically 
rich environments dominated by physical forces and 
impacfed by human activify. Their sfudy requires a 
consideration and knowledge of geology, hydrology, 
chemisfry, physics, and biology. Ideally, we can 
infegrate knowledge gained fhrough fhese specific 
disciplines using what we call systems science. This 
book is an introduction to the specifics of estuarine 
science and their integration into a coherent view of 
estuaries as ecosystems. We show how estuaries are 
different from one another and how they are similar, 
and why we need to preserve them while enhancing 
their value to society. 

We will begin by describing a very generalized 
estuary, to provide the reader with an introduction 
to the geology, physics, chemistry, and biology of 
esfuaries. This is done with a certain danger because, 
as the rest of fhe book shows, esfuaries are char- 
acterized as much by differences as by similarities. 
Nevertheless, in this chapter, we attempt to describe 
a generalized estuary. But before we proceed further, 
we will define an estuary. 



1.2 DEFINITIONS, TERMS, 
AND OBJECTIVES 



1.2.1 Definitions of Estuary and of 
Ecology and Difficulties in Applying 
These Definitions to Real Estuaries 

The term estuary comes from the Latin aestus meaning 
heat, boiling, or tide. Specifically, the adjective asetu- 
arium means tidal. Thus, the Oxford Dictionary defines 
estuary as "the tidal mouth of a greaf river, where 
the tide meets the current." Webster's Dictionary is 
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more specific: "(a) a passage, as the mouth of a river 
or lake where the tide meets the river current; more 
commonly, an arm of the sea at the lower end of a 
river; a firth, (b) In physical geography, a drowned 
river mouth, caused by the sinking of land near the 
coast.” 

Perhaps the most widely quoted definition of an 
estuary in the scientific literature is given by Pritchard 
(1967): “An estuary is a semienclosed coastal body of 
water which has a free cormection with the open sea 
and within which sea water is measurably diluted 
with fresh water derived from land drainage." Cer- 
tainly, one of the most characteristic attributes of most 
coastal areas is the action of the tide. Pritchard's def- 
inition makes no specific mention of tide, although 
the mixing of seawater and fresh water implies this. 
There are, however, many non tidal or minimally tidal 
seas, such as the Mediterranean Sea and the Black Sea, 
where fresh and salt water mix. 

There are also estuaries in semiarid regions that 
may not receive any fresh water for long periods; 
sometimes, as in the Pacific coast of California and 
Mexico, Western Australia, and several parts of 
Africa, the estuary may become blocked by longshore 
sand drift, so that it is ephemerally isolated from 
the sea for months to even years. In other regions, 
the tidal limit, sometimes with a tidal bore, may 
reach 100 km or more above the limits of salt 
water intrusion. So Pritchard's definition of estuary 
excludes some coastal areas where estuarine ecology 
is studied today. 

In an attempt to address the limitations of 
Pritchard's definition, Fairbridge (1980) gave a more 
comprehensive definition of an estuary: An estuary 
is an inlet of the sea reaching into a river valley as far 
as the upper limit of tidal rise, usually being divisible 
into three sectors: (i) a marine or lower estuary, 
in free connection with the open sea; (ii) a middle 
estuary subject to strong salt and fresh water mixing; 
and (iii) an upper or fluvial estuary, characterized 
by fresh water but subject to daily tidal action. The 
limits between these sectors are variable and subject 
to constant changes in the river discharge. 

Fairbridge's definition excludes some coastal 
geomorphic features such as lagoons, deltas, and 
sounds and also nontidal estuaries. The distinctions 
among these different terms are treated in detail 
in Chapter 2, but characteristic estuarine ecosys- 
tems have developed in all these coastal systems. 
Therefore, when the terms estuary and estuarine 
are used in this book, unless specifically stated 
otherwise, they are meant in a general ecological 
sense rather than any specific narrower geological 



sense. Valle-Levinson (2010) provides an overview 
of definitions and classifications of estuaries. 

All of the definitions of estuaries given above 
reflect, for the most part, physical and geological 
characteristics of estuaries. But why is this so? The 
people who first defined and classified estuaries were 
geologists and physical oceanographers, because in 
many respects the most salient features of estuaries 
are physical and geomorphic. And the ecosystems 
that exist in estuaries are often physically dominated. 
We can illustrate this point by comparing an estuarine 
ecosystem with a tropical forest ecosystem. A visitor 
to a rain forest is immediately struck by the richness 
of the vegetation. If the visitor stays in the forest for 
some time, he or she will notice that it rains a lot and 
the temperature is warm. If the visitor is a careful 
observer, he or she will perhaps learn about the soils 
of the forest. But the most striking characteristic is the 
vegetation. Rain forests are biologically dominated 
systems and have been described primarily by their 
biological characteristics. 

In contrast, a visitor to an estuary carmot escape 
noticing the impact of abiotic characteristics. These 
include the rise and fall of the tide, complex water 
movements, high turbidity levels, and different salt 
concentrations. The nature of land-forms such as 
beaches, barrier islands, mud flats, and deltas and 
the geometry of the basin are also very noticeable. 
There are, of course, outstanding biotic character- 
istics of estuaries such as salt marshes, mangrove 
swamps, submersed grass beds, and oyster reefs. But, 
in general, one has to look carefully to obtain even an 
idea of the biological structure of estuaries. 

The visibility of the abiotic attributes of estu- 
aries reflects the fact that estuaries are, to a large 
degree, physically dominated ecosystems. To begin 
to understand estuarine ecosystems and how they 
functions, an estuarine ecologist must have a good 
understanding of the geology, physical oceanogra- 
phy, and chemistry of estuaries. Thus, one of the 
basic goals of Chapters 2 and 3 is to provide physical 
and chemical bases that will lead to an understanding 
of the biotic processes. 

Before we go further, it is necessary to define 
ecology, since this book is about estuarine ecology. 
Usually ecology is defined as the study of the relation 
of organisms or groups of organisms to each other 
and to their environment. Margalef (1968) gives a 
definition of ecology that is, perhaps, more appro- 
priate to the way we approach estuarine ecology. Fie 
stated that "ecology is the study of systems at the 
level in which individuals or whole organisms can be 
considered as elements of interaction, either among 
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themselves, or with a loosely organized environmen- 
tal matrix. Systems at this level are called ecosystems, 
and ecology is the biology of ecosystems." Thus, 
in this book, we will consider the environmental 
matrix of esfuaries, fhe inferacfions among specific 
organisms and fhe environment, and the structure 
and functioning of whole esfuarine ecosysfems. 

1.3 FIVE VIEWS OF A 
GENERALIZED ESTUARY 

We now discuss esfuaries in a more sysfematic and 
scientific manner, and we do fhis fhrough five views 
of a generalized esfuary, emphasizing common char- 
acferisfics among fhese divergenf sysfems. 

1.3.1 Top View 

The firsf view of a generalized esfuary is from above 
(Fig. 1.1). At one end there is a river entering a large 
bay and at the other end a barrier island separating 
the bay from fhe ocean. Wave energy along fhe 
barrier island is high and fhere is a wide sandy beach. 
On the beach, there is little immediate evidence of 
life ofher than a few birds. Sfudies have shown, 
however, thaf abundanf and diverse communities 
of finy organisms live among fhe sand grains on 
beaches. Wave energy is very imporfanf fo fhese 
organisms because fhe waves pump wafer confaining 
oxygen and food consfanfly fhrough fhe sand while 
carrying away wasfe producfs. The beach is an area 
of very high physical energy and fhe sedimenfs 



are complefely oxidized. This is an example of fhe 
imporfance of physical processes in defermining the 
biotic characteristics of fhe esfuarine environmenf. 

In fhe fidal pass, fhe wafer is still clear and fhe 
salinify high. Wave acfivify is somewhaf reduced buf 
currenfs are still sfrong. Af fhe enf ranee fo fhe pass, 
fhe sedimenfs are sfill sandy and complefely oxidized, 
buf are beyond fhe influence of sfrong currenfs, anoxic 
condifions occur a few fens of cenfimefers below fhe 
sediment surface. The biofa is abundanf and diverse 
in fhe pass, including epifauna, in confrasf fo fhe 
barren surface of fhe beach. The pass is offen fhe 
deepesf parf of fhe esfuary. 

As we move through the estuary, there are dis- 
tinct changes in depth, physical energy levels (current 
and turbulence), water clarity, salinity, biota, chem- 
ical concentrations, oxidizing and anoxic conditions 
in the sediments, and so on. In intertidal and subtidal 
areas with significant currents, there are often worm 
flats or mollusk beds. These filter-feeding organisms 
depend on currenfs fo fransporf oxygen and food and 
to carry away wastes. 

In the shallow subtidal waters of somewhaf 
reduced currenfs where lighf reaches fhe boffom, 
marine meadows of submersed aquafic vegefafion 
or seagrass beds offen occur. Wafer clarify is high 
and sedimenfs are finer, partially as a result of fhe 
grass's ability to trap sediments. The reduced zone of 
fhe sedimenfs exfends fo wifhin a cenfimefer or less 
of fhe surface. In high salinify tropical waters, these 
submersed grass beds are often dominated by turtle 
grass, Thalassia testudinum and in the temperate zone 
by eel grass, Zostera marina. In lower salinity waters 




FIGURE 1.1 



Idealized oblique aerial view of a typical estuarine system showing some of the major subsystems. 
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(<5 ppt) genera such as Ruppia, Potamogeton, and 
Valisneria are common. 

In this t 5 rpical estuary, salinity decreases steadily 
from the ocean to the river. The high salinity area 
of fhe esfuary (30-35 ppt), is called polyhaline, mid- 
dle salinities around 15 ppt constitute the mesohaline, 
and the low salinity region (0-5 ppt) is called the 
oligohaline zone. 

Bordering the estuary in areas of mild fo sluggish 
currenfs are inferfidal weflands where sail marshes 
occur in fhe femperafe zone and mangrove swamps 
occur in fhe fropics. These are areas of furbid wafers 
and highly reducing and very fine sedimenfs. The 
vegefafion has very high growfh rafes and fhe animals 
fend fo be deposif feeders. 

1.3.2 Cross-Section View 

A cross-secfion view of fhe esfuary (Fig. 1 .2) illusfrafes 
a number of verfical as well as horizonfal affribufes 
of esfuarine ecosysfems. Verfical gradienfs are impor- 
fanf in defermining fhe nafure of fhese ecosysfems. 
Perhaps fhe mosf obvious is fhe inferfidal zone fhaf 
is alfemafely flooded and exposed. In fhe inferfidal 
zone, fhere may be sail marsh or mangrove weflands, 
algal beds, sand or mud flafs, or reefs of oysfers, 
mussels, or clams. Mosf organisms fhaf live in fhe 
inferfidal zone have developed special adapfafions, 
which are discussed in numerous places in fhis book 
and specifically in chapfers 6, 7, and 12. 

A second imporfanf verfical gradienf is fhaf of 
lighf. The lighfed zone in an aquatic sysfem is called 
fhe euphotic zone, while fhe zone wifh no lighf is fhe 
aphotic zone. Obviously, phofos 5 mfhesis occurs only 
in fhe euphofic zone. Where lighf reaches fhe bottom, 
planfs can live attached fo fhe bottom. Esfuarine 



wafer clarify fends fo be much greafer near fhe ocean, 
so bofh roofed planfs and plankfon can generally 
phofos 5 mfhesize af greafer depfhs fhan in lower 
salinity regions. Animals that live in the aphotic zone 
are dependent on food being fransporfed from ofher 
parfs of fhe esfuary. 

Anofher exfremely imporfanf gradienf for bio- 
logical and chemical processes in esfuaries is fhaf 
from oxidizing (where oxygen is presenf) fo reducing 
(where oxygen is absenf) condifions. An oxidizing 
environmenf is also called aerobic or oxic and a 
reducing one anaerobic or anoxic. The esfuarine wafer 
column is normally aerobic, buf esfuarine sedimenfs 
usually are anaerobic a shorf disfance below fhe sedi- 
menf surface. The amounf of oxygen in fhe sedimenfs 
is relafed bofh fo fhe rafe af which oxygen moves info 
fhe sedimenfs and fhe rafe af which if is consumed by 
fhe mefabolic acfivify of microbes. In areas wifh high 
physical energies, such as waves or sfrong currenfs, 
fhere are well-sorfed coarse sedimenfs fhaf are oxi- 
dized. The physical energy serves bofh fo replenish 
fhe oxygen fo fhe sedimenfs and fo wash ouf finer 
maferials fhaf, for several reasons, supporf micro- 
bial communities fhaf consume oxygen rapidly. The 
opposife condition exisfs in areas of fine sedimenfs. 
There fhe currenfs are foo weak fo sorf fhe sedimenfs 
or replenish oxygen rapidly, and in some cases (such 
as highly reduced marsh soils), anaerobic condifions 
exfend up fo fhe sedimenf surface. Since mosf esfu- 
aries are underlain wifh fine sedimenfs, fhe reduced 
zone is widespread. 

The acfivifies of fhe biofa, including fhe consfruc- 
fion of burrows by organisms such as worms and 
fiddler crabs, facilifafe fhe movemenf of wafer and 
oxygen fhrough sedimenfs. Many planfs fhaf grow in 
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FIGURE 1.2 Idealized cross section through a typical estuary showing vertical distribution of several important elements; 
note that organism sizes and vertical scale are exaggerated. 
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reduced conditions, including species of the genera 
Spartina, actively pump oxygen into the soil and create 
a thin oxidized zone around their roots and support 
an aerobic root-associated microbial community. 

1.3.3 Longitudinal Section 

The longitudinal section (Fig. 1.3) demonstrates some 
of the attributes that result from the mixing of fresh 
water and seawater. Salinity gradually increases 
along the length of estuaries, and the isohalines 
(lines of equal salinity) show that salinity generally 
increases with depth. This salinity distribution results 
from the density difference between salt and fresh 
water. Fresh water from the river tends to flow on 
top of the salt water because it is less dense. As 
the fresh water flows to the sea, deeper salt water 
mixes with it, making it saltier. This outward flow 
of fresher water causes more salt water to move 
into the estuary and results in a net outflow of fresh 
water to the sea at the surface and a net inflow of salt 
water on the bottom. This circulation pattern, and the 
resulting salinity distribution, is a general feature of 
many estuaries that have significant river input and 
is discussed in more detail in Chapter 2. 

We again see the euphotic and aphotic zones 
in the longitudinal section, but the depth of the 
euphotic zone decreases toward fresh water because 
of increasing turbidity. The most turbid water occurs 
at salinities from 1 to 5 ppt, and this "turbidity max- 
imum" is a result of several physical and chemical 
changes that occur as river water and sea water mix. 
These changes are addressed in Chapter 3. 

Because this transect is through the deepest part 
of the estuary, there are fine sediments and reduc- 
ing conditions below the sediment surface along the 



entire transect. At the mouth of the river, the "plat- 
form" of riverine sediments that have settled out of 
the water where the river enters the estuarine bay is 
to be noted. 

Organisms that occur in the water column include 
bacteria, phytoplankton, zooplankton, and nekton 
(freely swimming organisms such as fishes). The sizes 
of these organisms range from bacteria that are <1 |xm 
to large animals such as seals and dolphins. Benthic 
animals include infauna that live in the sediments 
such as polychaete worms, amphipods, and the very 
small meiofauna. Of special note is the dense bed of 
the clam Rangia cuneata in the oligohaline region. The 
diversity of benthic organisms along this transect is 
discussed in more detail later in this chapter as well 
as in Chapter 12 on estuarine benthos. 

1.3.4 A Typical Estuarine Food Web 

Thus far our observations of the t 5 rpical estuary have 
been of the structure and, as such, have been rather 
static. We now discuss more d 5 mamic aspects of the 
estuary by considering a t 5 rpical estuarine food web 
(Fig. 1.4). This allows for a more detailed considera- 
tion of some of the organisms that live in estuaries. 
For illustrative purposes, we compare estuarine and 
marine systems. 

We begin by listing several terms with defini- 
tions derived from E.P. Odum 1971. The transfer 
of food energy from the source in plants (or more 
appropriately, primary producers) through a series 
of organisms eating one another is referred to as a 
food chain or, more properly, /ood web, for food chains 
intercormect with one another. The word trophic is 
used interchangably with food, and trophic d 5 mamics 
refers to the pattern of food production and consump- 
tion as it occurs and changes over time. 
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FIGURE 1.3 Idealized longitudinal section through a typical estuary from river to the sea. The vertical scale is exaggerated, 
and the darker area near the sediment surface indicates an oxidized zone. 
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The trophic d 5 mamics of estuaries tend to be 
complex. Figure 1.4 illustrates a number of impor- 
tant characteristics of estuarine trophic d 5 mamics. 
First, there are almost always several different types 
of primary producers in estuaries, including phyto- 
plankton, salt marsh plants, mangroves, submersed 
sea grasses, and benthic algae. In contrast, the open 
ocean has only phytoplankton. There are other impor- 
tant distinctions between the open sea and estuaries. 
For example, in the sea, practically all phytoplankton 
are consumed alive. A food web fhat begins wifh 
consumption of live planfs is called a grazing food web. 
In estuaries, many important plants are not heav- 
ily grazed, but die and begin to decompose before 
being consumed. This decomposing material is called 
organic detritus and the food web if supporfs is called 
a detrital food web. Organic defrifus is an importanf 
food in esfuaries, and an imporfant area of research 
over the past four decades concerns defrifal d 5 mam- 
ics. Defrifus is considered in a number of chapfers, 
especially Chapfers 9 and 16 on microbial ecology 
and frophic webs. 

Neverfheless, the part of fhe esfuarine food web 
thaf is the most readily recognizable to students is the 
grazing web based on phytoplankton. These small 
primary producers are eaten by zooplankton, which 
are then eaten by small planktivorous fish. In fhis 
example, fhey are herring, buf in ofher esfuaries, 
fhese fish may be anchovies or sardines. Zooplankton 
are also eaten by larvae of larger fish. Af the top of 
fhe food web are larger carnivores such as bluefish. 
We now know fhaf phytoplankfon and fhe organisms 



that consume them form an exfremely complex set 
of inferacfions called the microbial food web. This is 
covered in Chapters 10 and 11. 

An extremely important characteristic of esfu- 
arine food webs is the importance of the bottom 
of estuaries. First, a variety of plants grow on the 
bottom in shallow waters (e.g., marsh grasses, sea 
grasses, and benthic algae). Second, there is signifi- 
cant flow of food and inorganic nufrienfs from fhe 
wafer column fo fhe bottom as well as in the oppo- 
site direction. Benthic animals such as oysters, clams, 
and mussels are filter feeders; thaf is, they remain 
in one place and concentrate food fhat flows past 
them in the water currents. There are other benthic 
organisms that live in areas of weak currents. They 
move over and through the sediments and take food 
from the sediment itself. These are called deposit feed- 
ers and include worms, amphipods, and a host of 
ofher small organisms. There are also a large number 
of non-boftom-dwelling organisms fhaf feed on fhe 
boffom. These include a variety of inverfebrafes, fish, 
and birds. In facf, fhe majorify of fish species found 
in esfuaries have adapfafions for boffom feeding. 

All of this flow of food energy from phyfoplank- 
ton, defrifus, and through the bottom converges on 
a group of top carnivores that are generalist feeders 
on a wide variety of organisms. These top carnivores 
include many species of fish, including sea trout, 
striped bass, and flounder, birds such as sea gulls, 
and mammals such as seals and dolphins. 

In summary, esfuarine frophic d 5 mamics are char- 
acferized by a variety of primary producers; grazing 
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FIGURE 1.4 Food web diagram for a typical estuarine ecosystem showing some feeding links among some of the major 
trophic groupings. Black lines and arrows indicate flow of food from source to consumer. 
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and detrital food chains; a high degree of infer- 
acfion between the water column and bottom; a 
complex, highly interconnected food web; and a large 
number of generalist feeders. More details on food 
webs is found throughout the book and especially in 
Chapter 16. 

1.3.5 An Estuarine Energy-Flow Diagram 

Thus far, we have discussed visible aspects of estu- 
arine ecosystems. We can see an oyster reef and a 
salt marsh and a sample taken from the bottom. We 
can watch a trout eat an anchovy and, if we have 
a microscope, we can even observe a zooplankter 
ingesting a phytoplankton cell. But important pro- 
cesses go on which are not visible. We carmot see 
sunlight interacting with chemicals during photos 5 m- 
thesis. Nor can we watch phosphorus flowing out 
of bottom sediments and being moved into surface 



waters by currents. It is very difficult to measure 
organic detritus flowing out of a marsh, much less 
visibly observe it being degraded and consumed by 
bacteria. Nevertheless, an understanding of these and 
other processes is essential if we are to begin to com- 
prehend how estuaries work. Thus, in this section, 
we use an energy-flow diagram (Fig. 1.5), both to 
present systematically some of the concepts we have 
discussed and to conceptualize some of these invisible 
processes. To do this, we use the symbols developed 
by H.T. Odum (1971, 1983). 

The diagram illustrates the grazing and detri- 
tal food webs we discussed in the previous section. 
It shows the importance of tidal currents in trans- 
porting detritus out of the marsh and in moving 
phytoplankton to benthic filter feeders. The d 5 mam- 
ics of nutrient cycling are important and complex in 
estuaries. Our diagram shows input of nufrients and 
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FIGURE 1.5 An energy-flow diagram illustrating some major structural and functional attributes of estuarine ecosystems. 
Note that the five types (shapes) of symbols used are defined along the bottom of the figure. 
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organic matter from the river as well as recycling from 
both sediment and water-column organisms. Again, 
the importance of currents in transporting nutrients is 
illustrated. Finally, the diagram shows that there is an 
interaction of sunlighf and inorganic nufrienfs dur- 
ing primary production by phyfoplankton and fhaf 
plankton produce oxygen that is subsequently used 
by animals. There are, of course, many inferactions 
and details left out of fhis energy diagram as well 
as the preceding views of estuaries. Throughout this 
book, the concepts we have introduced here are devel- 
oped in much more detail to provide a fuller general 
undersfanding of esfuaries. Af fhis poinf, however, 
fhe reader should have a good foundation fo begin 
a more in-depth study of esfuaries. In the follow- 
ing section, we discuss a classification of esfuarine 
ecosystems. 

1.4 ESTUARINE HABITAT TYPES 

The previous two sections demonstrated the high 
diversity of habitat t 5 rpes within estuarine systems. 
This diversity is caused by two things. First, from an 
abiofic point of view, estuaries include a great num- 
ber of physical habitats, including beaches, passes, 
intertidal and shallow subtidal flats, deeper areas, 
and deltas. Second, adapted assemblages of organ- 
isms can fully exploit each of fhese different habitats 
and, in many cases, can dramatically alter those habi- 
tats, further expanding the total habitat diversity of 
estuaries. For example, in the intertidal zone, there 
may be salt marshes, tide pools, algal flats, mud flats, 
oyster reefs, and mussel beds. Oysfer reefs and mussel 
beds, in turn, create new t 5 rpes of habitaf by changing 
fhe physical environment. Subtidal areas can include 
seagrass beds, sandy shoals, soft muddy bottoms, 
or mollusk beds. Some of the more important biotic 
habitats are described in Table 1.1. 

1.4.1 Characterization of the Ecosystem 

We defined esfuary and ecology, but because these 
definitions are so broad, it is difficult to define "estu- 
arine ecosystems," except as those ecosystems that 
have developed and persist in estuaries. We can eas- 
ily describe, however, the abiotic factors that are 
most important in determining the specific nafure of 
estuarine ecosystems as well as the salient ecological 
characteristics of these ecosystems. 

The physical environment (climate, geomorphol- 
ogy, presence or absence of water, salt, etc.) is the 
primary determinant of fhe t 5 rpe of ecosysfem fhaf will 
develop in a particular location. The constancy and 



regularity, or the lack thereof, of the physical environ- 
ment is an important attribute of physical conditions 
fhat influence fhe biofa. That is, the biota is more 
determined by the degree of change over various fime 
intervals (e.g., diel, tidal, and seasonal), than by the 
absolute level of such factors as microclimafe, water 
movement, chemical cycling, and physical structure. 
Both abiotic factors and the biota itself can reduce 
the degree of fhese flucfuations. Tropical rain forests 
and coral reefs are examples of ecosystems where the 
ambient physical environment is greatly modified by 
the biota. In contrast, alpine lichen herb and sandy 
beach ecosystems are strongly affected by physical 
inputs and are relatively unaffected by the biota. 
Estuarine ecosystems are intermediate between these 
extremes but are still strongly physically dominated. 

The following abiotic features are important in 
determining the specific nafure of estuaries: 

1. The degree to which they are protected from and 
hence buffered againsf direcf oceanic forces. 

2. The quantify of fresh water input along with the 
amount of associated dissolved and suspended 
materials. 

3. The water circulation patterns as determined by 
riverine and tidal currents, winds, and geomor- 
phology. Tides are particularly important because 
they exert a profound influence on esfuarine cir- 
culation and biological processes. 

4. The depfh of fhe estuary. Where estuaries are 
shallow there is a stronger interaction between 
the water column and the bottom. This allows, 
for example, nutrients released from the bottom 
to be used by phytoplankton in the surface wafers . 

5. The sharpness and pattern of the gradient in 
salinity from fhe sea to fresh water. This salinity 
variation has a pronounced impact on water cir- 
culation as well as on many biological processes 
and organisms. 

6. The rate of geomorphological change is rapid 
compared fo thaf in many ferresfrial sysfems. 
Sand banks and mud flats form, degrade, and 
migrate within estuaries. Wetlands form af the 
mouths of rivers as sediments are deposited. Bio- 
genic processes, such as reef formafion, contribute 
to the geomorphology of estuaries. 

Most estuarine ecosystems are open, variable 
systems dominated and subsidized by physical pro- 
cesses, resulting in large exchanges of biotic and 
nonbiotic materials, including water, salt, nutrients, 
sediments, and organisms, with neighboring systems. 
The exchange of organisms over millions of years has 
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TABLE 1.1 Key physical and biological characteristics of eight common estuarine habitats 



Habitat 



Physical 

Characteristics 



Biological 

Characteristics 



High physical 
energy 



Mid-estuarine 

systems: 

middle-salinity 

plankton- 

nekton 

system 



Tidal passes and beaches; strong currents and 
or waves; often clean water; coarse 
sediments such as sand; well-oxidized water 
column and sediments; generally high 
salinities 

Strong to moderate turbulence (waves and 
currents); salinity 10-25 ppt; oxygenated 
water column; bottom deeper than euphotic 
zone; medium water clarity 



Mid-estuarine 
systems: deep 
benthos 

Shallow littoral 
areas: 
submerged 
grass beds 



Sluggish currents; fine sediments; no light on 
bottom; reducing conditions just below 
sediment surface; water column normally 
oxygenated 

Moderate to strong currents; bottom within 
euphotic zone; oxygenated water column; 
sediment reduced just below surface; 
sediments range from sandy to fine 



Shallow littoral 
areas: algal mats 



Wetlands 



Shallow, clear, often hypersaline water; 
sediments sandy to fine silts: highly reduced 
below mat; large oxygen changes due to 
metabolic activity 

Sluggish currents; intertidal wetlands act as 
sediment traps, sediments generally very 
soft often with peats; strong reducing 
conditions in sediments sometimes to 
sediment surface; often low oxygen in water 
column; complex chemical cycling; wetlands 
occur from fresh to marine salinities and 
from the arctic to the tropics 



Reefs, worm, and 
clam flats 



Oligohaline 



More or less constant currents — moderate to 
strong; intertidal or subtidal; oxygenated 
water column; reduced sediments; reef 
structure often amplifies currents; 
intermediate salinities for oysters; sediments 
for mollusks flats normally oxygenated; 
oyster reefs normally in fine, soft sediments, 
others in firmer sediments of sand or shell 
Located at river mouth-estuary boundary; 
highly variable salinity; water contains high 
levels of suspended solids and nutrients; 
high sedimentation rates, high turbidity, 
"nutrient trap" 



Benthos dominated by filter feeders; high 
diversity and biomass; high rates of 
metabolism supported by current transport 
of food; heterotrophic; motile organisms 
mostly transient 

Grazing food chain of phytoplankton, 
zooplankton, fishes; diatoms, 
dinoflagellates, and nanoplankton; common 
phytoplankters; copepods and 
meroplankton important zooplankters; 
relatively high rates of primary production 
with strong seasonal pulse in temperate 
zone disappearing in the tropical, balanced 
community metabolism; intermediate 
diversity 

Deposit feeders dominate (worms and 
amphipods); low density and biomass; 
heterotrophic with relatively low metabolic 
rate; low diversity 

High salinity grass beds dominated by eel grass 
(Zostera) in temperate zone and by turtle 
grass (Thalassia) in tropics; high rates of 
gross primary productivity, community net 
productive; detrital food chain important; 
direct grazing increases in tropics; both 
deposit feeders and filter feeders important 
in benthos; high biomass, low diversity; 
complex chemical cycling; important nursery 
and feeding area for migratory species; high 
epiphytic community 

Blue-green algal mats; extremely productive, 
P/R close to one; low consumer diversity 



Saline wetlands characterized by marshes 
(Spartina) in temperate zones and mangrove 
swamps (Rhizophora) in tropics; freshwater 
wetlands swamp or marsh; freshwater areas 
have high producer diversity; high rates of 
gross primary production; detrital food chain 
important; high biomass of both producers 
and consumers; low diversity; deposit 
feeders most common; important nursery 
and feeding area for migratory species 

High biomass; low diversity; relatively high 
food supplies in water column; filter feeders 
predominate; high rates of metabolism; 
heterotrophic; often exploited commercially; 
Crassostrea and Ostrea common genera of 
oysters; oysters epifaunal, flats populated by 
infauna organisms 

Low species diversity; very high biomass; high 
rates of metabolism; heterotrophic; filter 
feeders dominate; Rangea cuneata and Mya 
arenaria very common in south and north 
temperate, respectively; heavily used by 
migratory fishes 
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resulted in a rich genetic heritage, and the biota 
is derived from marine, freshwater, and terrestrial 
sources. Over time periods of hundreds fo fhousands 
of years, delfas grow and erode and barrier islands 
shiff. On shorfer timescales, salinify changes wifh 
fide and river flow, and wafer levels flucfuafe so 
fhaf fhe inferfidal region is subjecfed fo wetting and 
drying and exfremes of femperafure. Buf esfuarine 
organisms have developed physiological and behav- 
ioral patterns fo deal wifh fhis d 5 mamic environmenf, 
and many are able fo direcfly modify fhe physi- 
cal environmenf. Many organisms use fhe infense 
and variable physical energies as subsidies, as, for 
example, in fhe case of an oysfer reef "using" fhe 
flow of tides fo exploif phytoplankton produced else- 
where. Neverfheless, such an ever-changing world 
imposes considerable pofenfial sfress on esfuarine 
organisms because large changes in salinify, femper- 
afure, and so on, can be deleferious, even lefhal, for 
esfuarine organisms. The relafive imporfance of phys- 
ical forces as subsidies or sfresses forms fhe basis for 
fhe esfuarine classificafion discussed in fhe following 
section. 

1.4.2 Functional Classifications 
of Estuarine Ecosystems 

Chapfer 2 presenfs several esfuarine classificafion 
schemes based on physical and geomorphic charac- 
teristics. These definifions help us undersfand fhe 
origin and physical nafure of esfuaries and can be 
used as fhe beginnings of an esfuarine classificafion 
sysfem. From fhe sfandpoinf of esfuarine ecology, 
however, we need a classificafion sysfem fhaf leads fo 
a better undersfanding of esfuaries as ecosystems. We 
discuss here an approach fo concepfualize esfuaries 
based on energy inpufs and landscape feafures. 

Odum and Copeland (1972) proposed a "func- 
tional" sysfem for undersfanding and classifying 
coasfal ecosysfems based on an analysis of energefics. 
We like fheir approach because if is a frue ecosys- 
tem classificafion addressing bofh biofic and abiofic 
properfies and if recognizes fhe imporfance of energy. 
Their idea is fhaf fhe sfafus of an ecosystem is a bal- 
ance between energies fhaf build sfrucfure and order 
and sfresses fhaf cause a loss of sfrucfure and order. 
The former are called energy sources or ordering ener- 
gies and fhe latter energy stresses or disordering energies. 
This idea is shown diagrammafically in Figure 1.6a. 

We wanf fo emphasize fhaf energy sources and 
sfresses are nof always mufually exclusive cafegories 
of energies, buf rafher fhaf a particular energetic force 
affecfs organisms relafive fo fhe ecosysfem (or parf of 
an ecosysfem) in quesfion. A few examples illusfrafe 
fhis poinf. Moving wafer can be eifher an energy 



source or sfress in esfuarine ecosysfems. Moderate 
currenfs are a source of energy for seagrass beds 
because fhey fransporf organic maffer and nufrienfs 
fo fhe beds and wastes away. If fhe currenfs become 
very sfrong wifh high waves, however, fhe grass bed 
may be eroded. In fhe laffer case, fhe hydraulic energy 
is a sfress. Buf fhe same sfrong waves are an energy 
source for tiny animals living among fhe sand grains 
on a beach because fhe waves pump oxygen and food 
fhrough fhe sand. Likewise, heaf from fhe sun is an 
energy source for a marsh because if increases fhe 
rafe of mefabolism. Buf fhe infense heaf of a fire will 
desfroy a marsh. 

The distinction between energy source and 
energy stress is the central concept in this classifi- 
cation system. Whether an energy input is ordering 
or disordering depends on the particular system or 
subsystem in consideration, and it is the balance 
between the two that is important. If energy sources 
are greater than stresses, the system will build 
structure and maintain order. However, if stresses 
are greater, there will be a loss of structure and order. 

There are three general categories of energy 
sources for estuarine ecosystems: (i) the mechani- 
cal energy of moving water, (ii) sunlight, and (iii) 
organic and inorganic fuels imported into estuaries 
(Fig. 1.6b). Moving water does work, such as by 
connecting trophic components in the bottom and 
surface waters, bringing food to filter feeders, recy- 
cling nutrients, and removing wastes. Organisms in 
effect "conserve" their own energy by using the water 
current energy instead. The energy of sunlight drives 
photosynthesis of plants, which in turn supports estu- 
arine food chains. Sun energy also supplies heat and 
thus produces thermal gradients in estuarine ecosys- 
tems. Supplementary organic and inorganic fuels are 
imported into estuaries via rivers, terrestrial runoff, 
and the sea. The organic matter is an added food to 
that produced in estuaries and the inorganic com- 
pounds such as nitrogen can increase photos 5 mthesis 
by providing needed materials. 

There are three general categories of stress ener- 
gies for estuarine ecosystems: (i) stress due to energy 
diverted from the system, (ii) stress due to microscale 
random disordering, and (iii) stress due to forced 
losses within the system (Fig. 1.6c). Stress caused 
by energy diverted refers to energy that could be a 
source but is, for some reason, lost. For example, 
turbidity caused by natural conditions or human 
activities lowers the amount of light energy that 
enters the water column and thus the photos 5 mthe- 
sis of deeper submersed plants. For another, when a 
marsh is impounded, the energy of tidal currents is 
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(a) Balance of energy sources 





FIGURE 1 .6 An energy-flow diagram illustrating how ordering and disordering energies are related in estuarine ecosystems. 
The status of an ecosystem results from a balance between energy sources, which build structure and order, and energy 
stresses, which cause a loss of structure and order (a). For estuaries, there are three main kinds of energy sources: sunlight, 
water movement (due to gravity, tides, and waves), and inputs of organic or inorganic nutrients (b). Three general kinds of 
energy stresses are (i) energy diverted from the system, (ii) microscale or entropic disordering, and (hi) harvest and other 
forced losses (c). See text for further discussion. Source: Figures from Odum and Copeland, 1972, used by permission. 



eliminated and marsh productivity normally is low- 
ered. A dam or river also can reduce the input of 
water and organic and inorganic matter entering an 
estuary. When the Aswan Dam was constructed in 
Eg5rpt, the amount of river-borne material entering 
the estuary was drastically reduced, resulting in the 
collapse of the eastern Mediterranean sardine fishery 
that depended on the material. 



The second kind of sfress on esfuarine ecosysfems 
and fheir inhabifanfs is fhaf due fo microscale ran- 
dom disordering of fhe kind described by fhe second 
law of fhermod5mamics. This sfress is fhe inevifable 
fendency of order and complexify fo degrade info 
disorder and is characferisfic of all living organisms. 
If an animal does nof eaf for a relafively shorf period 
of fime, if dies because food is fhe pofenfial energy 
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source it uses to maintain its internal order against 
this constant tendency toward disorder. The struggle 
against random disorder is a problem for all living 
creatures, and particularly for esfuarine organisms, 
because much of fhe ordering energy available for 
esfuarine organisms musf be used fo compensafe for 
fhe large environmenfal variabilify. Human acfivify 
can aggravafe fhe problem for esfuarine organisms, 
for example, by fhe infroducfion of foxins, which fend 
fo increase physiological "disorder" and fhus make 
if even more difficulf for an organism fo cope wifh 
nafural variabilify. 

The lasf t 5 rpe of sfress is forced loss. This means 
fhaf pofenfial energy wifhin fhe sysfem is removed 
before if can be used fo do work. For example, fhe 
consfanf seaward flow of rivers and fhe acfion of fides 
flush maferial ouf of esfuaries. Thus, wafer movemenf 
can be a sfress as well as an energy source, and, mosf 
offen, if is bofh. Human activities such as fishing and 
wefland desfrucfion are also ways in which pofenfial 
energy can be losf from an ecosysfem. 

Many esfuarine organisms have evolved various 
behavioral and physiological adapfafions fo cope wifh 
sfresses fhaf would kill mosf ofher aquatic organisms 
(Vemberg and Vemberg, 1972, 1976). In doing so 
fhey are better able fo exploif fhe available energy 
sources. These adapfafions also allow organisms fo 
use energies fhaf would be sfressful fo mosf ofher 
organisms. For example, fhe small animals fhaf live 
among fhe sand grains on a beach would be desfroyed 
by fhe full force of fhe waves if fhey were nof adapfed 
fo fhem, and meanwhile fhey use fhe oxygen and 
food fhaf fhe waves pump fhrough fhe sand. The 
Rangia clam of fhe oligohaline zone is adapfed fo high 



silfafion rafes, periodic low oxygen, and exfremely 
variable salinify and fhus is able fo live where if can 
use fhe large inpuf of organic matter from fhe river 
wifhouf much predafion or compefifion from ofher 
fitter feeders. Many ofher examples of fhis t 5 rpe of 
adapfafion are discussed fhroughouf fhe book. 

Because differenf esfuarine sysfems and subsys- 
fems have characferisfic energy sfresses and sources, 
fhe biofa of fhese various areas have adapfed fo fhese 
energies in differenf ways. These differenf energies 
and adapfafions serve as fhe basis for fhe func- 
tional classification sysfem of Odum and Copeland 
(Fig. 1.7). For mosf esfuarine ecosysfems, sfress ener- 
gies are moderafe and similar so fhaf fhe lafifudinal 
variafions in femperafure and sunlighf regime are 
fhe mosf imporfanf factors determining fhe distin- 
guishing characferisfics of fhese sysfems. Tropical, 
temperate, and polar esfuarine ecosysfems are conve- 
nienfly distinguished. Solar energy inpuf is highesf 
and mosf regular in fhe fropics, buf because of higher 
femperafures, fhere is more fhermal disordering fo 
overcome, so fhaf fropical organisms have higher 
energy requiremenfs. Seasonal changes are more dis- 
fincf in temperate lafifudes and fhe productivity 
of esfuaries is concenfrafed info shorter periods of 
time; hence, seasonal "programming" of acfivifies 
and migrafory species becomes more imporfanf. Af 
polar lafifudes, ice and exfreme cold are imporfanf 
sfress energies. 

When sfress energies become large, eifher naf- 
urally or because of human acfivify, fhe associafed 
biotic adapfafions are, in a sense, similar over a wide 
lafifudinal range. Thus, in fhese circumsfances, fhe 
esfuarine ecosysfem can be classified according fo fhe 



o 




.i Q 

!♦! 
S 2 

^ > 
2 o 



0 ) 

O) 



qT 

o 



FIGURE 1.7 A functional classification of coastal ecosystems based on important energy sources and stresses. Source: From 
Odum and Copeland, used by permission. 
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characteristic stress. Sedimentary deltas, h 5 rpersaline 
lagoons, and beaches are natural examples of these 
types. Disturbed systems also develop due to human 
induced stresses and include eutrophied planktonic 
systems, organisms affected by toxins, and systems 
stressed by hydrologic changes (such as impounded 
marshes). 

The energy input to coastal ecosystems is not 
constant but occurs in pulses. Pulsing is considered 
essential for mosf ecosysfem funcfioning and has 
been called nature's pulsing paradigm (Odum ef al., 
1995). For example, undersfanding river ecosysfems 
can be described in ferms of fhe flood pulse (Junk 
and Bayley, 2008; Schram and Egglefon, 2006) and 
dynamic habifaf inferacfions (Sfanford ef al., 2005). 
The funcfioning of coasfal sysfems is affecfed by 
energetic forcings fhaf serve fo enhance producfivify, 
increase maferial fluxes, and affecf fhe morphology 
and evolution of fhese sysfems. This f}^e of pulsing 
applies fo many nafural sysfems, buf if is especially 
imporfanf for coasfal ecosysfems (Blum, 1995). 

Eugene Odum (1980) recognized fhe imporfance 
of pulsing when he described esfuaries as "fidally 
subsidized, flucfuafing wafer-level ecosysfems." Buf 
fhe fide is nof fhe only energy subsidy fo coasfal 
sysfems. Energetic forcings occur over a hierarchy 
of differenf spafial and femporal scales (Day ef al., 
1995, 1997, 2000). These energetic evenfs range from 
waves and daily tides fo swifching of river charmels in 
delfas fhaf occur on fhe order of every 1000 years and 
include fronfal passages and ofher frequent storms, 
normal river floods, sfrong sforms, and great river 
floods (Table 1.2). The primary imporfance of infre- 
quent events such as charmel switching, great river 
floods, and very sfrong sforms such as hurricanes is 
in sediment delivery and in major spatial changes 
in geomorphology such as changes in river charmels 
in deltas. More frequent events such as armual river 
floods, seasonal sforms, and tidal exchange are also 
importanf in mainfaining salinify gradienfs, deliv- 
ering nufrienfs, and regulating biological processes. 
Throughout this book, the importance of fhese forc- 
ings is discussed for a variefy of biofic communities 
and organisms and imporfanf processes. 



1.5 ESTUARIES AND ESTUARINE 
ECOSYSTEMS IN A GEOLOGICAL 
CONTEXT 



If is inferesfing fo nofe fhaf all of fhe esfuaries dis- 
cussed in this book did not exist 10,000-15,000 years 



TABLE 1.2 A hierarchy of forcing or pulsing 
events affecting the formation and sustainability 
of deltas 



Event Timescale Impact 



Major 


500-1000 


New delta lobe formation. 


changes 


yr 


Major deposition 


in river 
channels 


Major river 


50-100 yr 


Channel switching 


floods 




Major deposition 


Major 


5-20 yr 


Major deposition 


storms 






Enhanced production 


Average 


Annually 


Enhanced deposition 


river 




Freshening (lower salinity) 


floods 




Nutrient Input 
Enhanced 1° and 2° 
production 


Normal 


Weekly 


Enhanced deposition 


storm 




Organism transport 


events 




Net transport 


(frontal 

passage) 


Tides 


Daily 


Drainage/marsh production 
Low net transport 



Source: From Day et at, 1997, 2000. 



ago and that they will cease to exist in the near 
geological future. The world's present estuaries were 
formed when sea level rose affer fhe lasf glaciafion. 
Since fhat fime, fhey have been progressively infilled 
and will continue fo be. Thus, present estuaries will, 
for fhe mosf part, cease to exist because they will fill 
up with sediment or because sea level will change 
again. However, estuaries will continue to exist at 
the edge of fhe sea, wherever if exisfs. Af fimes like 
fhe presenf, when sea level is high enough fo flood 
fhe edge of fhe confinenfs, esfuaries are widespread. 
When sea level was low enough so fhat the edge of 
the sea was on the continental slopes, as during the 
height of fhe glaciers, fofal esfuarine area was small. 
The sifuation we see along fhe wesfern coasf of fhe 
Americas is fhe rule when sea level is low. 

Of course fhe species and fhe f 5 qies of biological 
communities fhaf presenfly exisf in esfuaries have 
cerfainly exisfed for much longer fhan fhe esfuar- 
ies themselves. Rivers have always flowed fo fhe 
sea, whefher if was higher or lower fhan af presenf. 
Esfuarine ecosysfems, with their characteristic species 
composition and adaptations, have moved back and 
forth with the edge of fhe sea. Therefore, even fhough 
particular esfuaries are relafively shorf lived, esfu- 
arine organisms and esfuarine ecosysfems are very 
old. 
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1.6 HIGH PRODUCTIVITY: AN 
ESTUARINE FOCAL POINT 

One of the things that makes the study of estuarine 
ecology so exciting is the lively discussion about 
what makes estuaries so highly productive. In this 
section, we outline some of these ideas, so that we 
have them in mind as we address the information in 
each chapter. The following discussion summarizes 
some current thinking about estuarine production. 
Perhaps we will view the idea very differently in 
20 years. 

1.6.1 Reasons for High Estuarine Primary 
Productivity: The Classic View 

One of the most widely held beliefs by both estuarine 
scientists and others familiar with estuaries is that 
they are very productive per unit area. Sometimes, 
this means that the plants that exist in estuaries are 
very productive. At other times, it means that more 
organic matter is produced in estuaries than is used 
there or that estuaries are very productive of fish. 
Either way, this productivity is one of the key reasons 
why estuaries have attracted and sustained human 
populations throughout history. 

What are the reasons for the supposed high pro- 
ductivity of estuaries? C.L. Schelske and E.P. Odum 
(1962) in a well-known paper entitled "Mechanisms 
maintaining high productivity of Georgia estuaries" 
stated that the estuaries of Georgia were among the 
most productive natural ecosystems in the world. 
They listed several reasons for this high produc- 
tivity: (i) three t 5 rpes of primary production units 
(marsh grass, benthic algae, and phytoplankton), 
which ensure maximum use of light at all seasons; (ii) 
ebb and flow of water movements resulting from tidal 
action; (iii) abundant supplies of nutrients; and (iv) 
rapid regeneration and conservation of nutrients due 
to the activity of microorganisms and filter feeders. A 
number of these ideas have been discussed earlier in 
this chapter. 

Now let us examine these points in more detail 
and consider the evidence on which they are based. 
There are, indeed, several distinct groups of primary 
producers in estuaries, many of which have high rates 
of primary production. A more general statement is 
that there is a diversity of sources of organic matter. In 
Georgia, there are three important producer groups: 
salt marsh grass, phytoplankton, and benthic algae. 
In other estuaries, sea grasses, mangrove swamps, 
and macroalgae may be important. Epiphytic algae 
grow on most surfaces in the euphotic zone. There is 



also input of organic matter from rivers and upland 
runoff. 

High primary production measurements in Geor- 
gia and elsewhere led Schelske and Odum to conclude 
that "estuaries are among the most productive nat- 
ural ecosystems in the world." In Chapters 4-8 on 
estuarine primary production, we consider the fac- 
tors controlling productivity and try to determine 
whether all estuaries actually do have extremely high 
rates of productivity relative to other ecosystems. 
Another reason for high productivity in Georgia estu- 
aries, according to Schelske and Odum, is that there 
is significant year-round production. This has been 
observed in a number of estuaries at lower latitudes, 
but it is not true in higher latitude estuaries, which 
are often very productive but only during specific 
seasons. 

Organic detritus from a variety of plant sources 
is abundant in many, if not most, estuaries, and 
many scientists argue that this detritus is an impor- 
tant food source. Most estuaries have an extensive 
autotrophic community, and there is often a surplus 
of organic matter available to consumers all year as 
organic detritus. The d 5 mamics of organic detritus 
in estuaries has been the subject of a tremendous 
amount of research and controversy over the past 
several decades. In Chapters 9 and 10 on micro- 
bial ecology, in Chapter 16 on trophic d 5 mamics of 
estuaries, and in the various chapters on estuarine 
consumers (Chapters 11-14), we consider estuarine 
trophic d 5 mamics in detail. 

Tidal action is considered to be an important 
factor contributing to high productivity. E.P. Odum 
once defined estuaries as "tidally subsidized fluctu- 
ating water level ecosystems." Others have expanded 
on this to include other physical energies, including 
wind, waves, and riverine currents as well as tides. 
These factors produce very complex water move- 
ments in estuaries. In much of this book, we consider 
the nature of these physical factors, how they affect 
ecological processes, and how important they really 
are in ecological d 5 mamics. 

There are abundant supplies of nutrients in Geor- 
gia estuaries. Nutrient concentrations in estuaries are 
almost always higher than in the ocean and often 
higher than in freshwater systems. Schelske and 
Odum believed that most of these nutrients came 
from within the estuary and that they were responsi- 
ble for the high levels of production. Some workers 
have emphasized the importance of rivers as sources 
of nutrients while others have not. Later, we discuss 
these two questions. 

The final factor considered important was the 
rapid regeneration and conservation of nutrients. 
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Since most estuaries are relatively shallow and well 
mixed, there is a persistent intermingling of water and 
the bottom. This means that food in the water is avail- 
able to organisms on the bottom and that nutrients 
released by benthic organisms are mixed through- 
out the water column. Some have argued that the 
combination of benfhic regeneration and a shallow, 
well-mixed water column are the most important 
factors producing high estuarine productivity. The 
relative importance of differenf sources of nufrienfs 
is a fopic of much discussion by esfuarine ecologisfs 
and is presenfed in defail in Chapfer 3. 

As we indicafed in fhe previous paragraphs, fhe 
factors lisfed by Schelske and Odum are sfill being 
discussed 40 years affer fheir proposal. These issues 
have been fhe inspiration and focus of much research 
since fhen and are sfill a source of inspirafion and 
confroversy foday. 

1.6.2 Other Important Hypotheses about 
Estuarine Ecology 

A number of ofher imporfanf h 5 rpofheses abouf esfu- 
arine funcfion have been proposed and quesfioned 
and fhey help unify fhe sfudy of esfuaries. They are 
interrelated, buf we separafe fhem for fhe sake of 
clarify. 

1. Intertidal wetlands are important to estuarine 
productivity because they (i) produce large quanti- 
ties of organic defrifus fhaf is an important source 
of energy in esfuaries and (ii) serve as an imporfant 
nursery to fhe young of many marine and esfuar- 
ine species. Many imporfant chemical reactions take 
place in wetlands and thus estuarine chemistry is reg- 
ulated by wetlands. Salt marshes and mangroves are 
covered in Chapters 6 and 7. 

2. Organic detritus is exported from weflands 
and serves as a very imporfanf food source for a wide 
variefy of esfuarine consumers. Recenf evidence sug- 
gesfs fhaf we may have to reexamine fhe imporfance 
of organic defrifus. The imporfance of organic defri- 
fus is covered in a number of chapfers in fhis book, 
especially Chapfers 9 and 16. 

3. Esfuaries, especially fhose with extensive wet- 
lands, support rich fisheries. There is considerable 
evidence showing bofh functional and empirical 
relationships befween weflands and fisheries. For 
example, fhe abundance of weflands in esfuarine 
regions is sfrongly correlated with regional fish cafch. 
Very few fish are absolufely esfuarine dependenf, 
however, and so we have argued fhat fhe evidence 
is weak for esfuary-fishery coupling, particularly 
wefland- fishery coupling. This issue is considered 
in Chapfers 13 and 18. 



1.7 HUMAN IMPACTS AND 
MANAGEMENT OF ESTUARINE 
ECOSYSTEMS 



Humans have lived in and around esfuaries for fens 
of fhousands of years. Early peoples harvesfed fhe 
rich primary and secondary productivity of esfuaries. 
Evidence of fheir presence includes village sifes and 
middens or large accumulations of shells of harvesfed 
mollusks. As fhese piles of shells grew, fhey were 
often inhabifed eifher seasonally or year round. Abouf 
5000 years ago, fhe firsf human civilizations devel- 
oped adjacenf fo esfuaries and lower river valleys. If 
is fhought fhat the rich resources of fhe coasfal margin 
provided an imporfanf energy subsidy fhaf allowed 
fhe change from village-based agriculfural societies 
fo fhe complex social organization of civilization. 

Throughout the Holocene, humans congregated 
near the coast and many of fhe world's currenf large 
cities such as New York, London, Amsferdam, Venice, 
Alexandria, Calcutta, and Shanghai developed near 
esfuaries and delfas. These areas were an imporfanf 
source of food, and rivers provided imporfanf routes 
for navigation. Lower river valleys supporfed rich 
agriculfural areas. 

Humans have modified esfuarine areas since 
fhe beginning of civilization. Notable preindustrial 
impacts include the draining of much of fhe Rhine 
delfa by fhe Dufch and fhe elimination of mosf river 
inpuf fo Venice lagoon. Buf massive changes in esfu- 
aries mosfly occurred in the twentieth century when 
human populations grew dramatically in the coastal 
zone. Human activity has physically changed coastal 
systems by draining and filling areas and by dredging 
charmels for navigafion, drainage, and access fo min- 
erals such as oil. Indusfrial, agriculfural, and urban 
growfh have introduced many toxic materials such 
as heavy metals and pesticides that poisoned estuar- 
ine organisms and nutrients and organic matter that 
led to eutrophication. Overharvest of commercially 
imporfant organisms such as shrimps and introduc- 
tion of new species, eifher accidenfally or on purpose, 
has changed fhe composition of fhe biofa. 

As human impacfs grew, so did fhe sfudy of 
fhese impacfs and efforfs fo reduce or mifigafe fhem. 
Early efforfs on esfuarine managemenf often dealf 
wifh solutions fo specific problems such as reduction 
of fhe use of certain pesticides, advanced treatment 
of sewage, and resforafion of weflands. More recenf 
managemenf has focused on more comprehensive 
approaches such as ecosysfem-based management 
and integrated coastal management. These topics are 
covered in more detail in Chapter 19. 
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1.8 THE POTENTIAL IMPACTS OF 
FUTURE TRENDS ON ESTUARINE 
ECOSYSTEMS 



The twenty-first century will see the intensification of 
several major global frends fhaf will sfrongly impacf 
esfuaries. Two importanf frends are global climafe 
change and energy scarcify. Mosf now recognize fhaf 
global climafe change will dramafically impacf sociefy 
in the twenty-first century. Estuaries will be strongly 
impacted by climate change because most of fhe major 
climafe impacfs will direcfly or indirecfly affecf fhese 
ecosysfems. Sea-level rise will impacf coasfal wef- 
lands and humans living near fhe coasf. For example, 
many, if nof mosf, weflands in esfuaries may dis- 
appear as sea level rises, especially in delfas (Blum 
and Roberfs, 2009; Syvifski ef al., 2009; Vorosmarfy 
ef al., 2009). Changes in precipifafion will affecf 
fhe quantify and seasonalify of freshwafer inflow 
fo esfuaries affecfing such processes as circulation, 
plant growth, and fisheries. Tropical sforms (hurri- 
canes and f 5 rphoons) will likely become more infense 
and will frequenfly lead fo changes in esfuaries and 
human acfivify adjacent to them. Rising tempera- 
tures will affect the distribution of many species. For 
example, during fhis cenfury, fhe Gulf of Mexico will 
become complefely fropical as mangroves replace salf 
marshes. Ocean acidification will affecf fhe abilify of 
some mollusks and corals fo grow and survive. A 
defailed descripfion of forecasfed impacfs of climafe 
change are presenfed in Chapfer 20. 

A second major frend fhaf will impacf esfuaries 
and how humans use fhem is energy scarcify. The 
availabilify of cheap fossil energy fueled fhe indus- 
frial revolution and specfacular growfh of fhe human 
population and economy in the twentieth century. 
Humans acted as if fossil fuels were unlimited, but 
they are nonrenewable resources. It took millions of 
years fo form the oil that will be used up in less than 
two centuries. There is strong evidence that about half 
of recoverable oil resources have been used and fhaf 
conventional world oil production has peaked — this 
general topic is called peak oil. The implication is 
that oil will become progressively more expensive in 
coming decades. Since everything we do in society 
and as estuarine scientists is strongly tied to the use of 
oil and ofher fossil fuels, fhere are imporfanf implica- 
tions for esfuarine ecology because esfuarine science 
and managemenf are mosf offen energy infensive. 
This is covered in more defail in Chapfer 19. 



1.9 HOW WE WILL PROCEED 
THROUGH THE BOOK 



This book is designed fo sysfemafically carry fhe 
reader fhrough fhe science of esfuarine ecology. 
Chapfers 2 and 3 infroduce esfuarine physical 
oceanography, geomorphology, and chemisfry. 
Knowledge of fhese subjecfs is essential for a 
fhorough undersfanding of fhe ecology of esfuaries, 
because so much of fhe biology is relafed fo such 
factors as wafer movement, sediment distribution, 
and chemical gradients. These two chapters are 
designed to both introduce the subjects and to put 
the information in the context of ecological processes. 

The nexf sections of fhe book cover various 
aspecfs of fhe ecology of organisms fhat live in 
esfuaries. In Chapfers 4-8, we cover, respectively, 
phyfoplankfon, seagrasses, marshes, mangroves, and 
macroalgae of esfuaries. In each chapter, the compo- 
sition and distribution of fhe planfs is discussed, and 
spafial and seasonal patterns of producfivify and fac- 
tors regulafing producfivify are analyzed. Chapfers 9 
and 10 are abouf esfuarine microbial ecology cover- 
ing mefabolic confrols of biogeochemical cycles and 
microbial food webs. 

The sources, fransporf, and use of organic maffer 
are topics fhaf have generafed considerable research 
and discussion over fhe pasf fwo fo fhree decades 
and we fry to capture some of fhis excitement. We 
cover zooplankton, benthos, nekton, and wildlife 
in Chapfers 11-14, respectively. We discuss top- 
ics such as composifion and disfribufion of bio- 
logical communities, rafes of secondary producfion, 
food habifs, and factors regulafing fhese communi- 
ties. The following secfion of fhe book deals with 
ecosystem metabolism (Chapter 15), trophic dynam- 
ics (Chapter 16), and materials budgets (Chapter 17) of 
esfuaries. 

The final chapfers include a discussion of fhe way 
humans have interacted wifh coasfal sysfems. We 
cover interactions of people with estuaries focusing 
on fisheries and human impacfs in Chapters 18 and 
19. The impact of climafe change on coasfal sysfems 
is covered in Chapfer 20 and fhe use of modeling 
fo aid in undersfanding these systems is covered in 
Chapter 21. 
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2.1 INTRODUCTION 



To understand the processes affecting the distribution 
and cycles of particulates, pollutants, nutrients, and 
organisms in estuaries, it is insufficient to focus solely 
on the biological and chemical aspects of the pro- 
cesses. Equally important are the water sources and 
movements (e.g., evaporation, precipitation, riverine 
discharge, submarine ground water discharge, 
wetland hydrology, and tidal exchange) as well 
as other hydrod 5 mamic aspects of coastal systems, 
including circulation patterns, stratification, mixing 
and flushing; a careful considerafion of the timescales 
of these processes needs to be included. When 
hydrod 5 mamic changes occur quickly relative to 
biological, geological, and chemical transformations, 
they become the dominant controlling factors of 
many ecological processes in estuaries (Officer, 1980), 
and if is now widely recognized fhat a thorough 
understanding of marine estuarine ecology requires 
comprehensive knowledge and integration of phys- 
ical processes affecfing the system. This chapter 
is aimed at organizing, classifying, and describing 
some of these important physical characteristics 
and processes. The terminology will be that of a 
shallow-water oceanographer and, hopefully, fhis 
chapfer will encourage future estuarine ecologists to 



use physical terms more precisely and consistently 
than has sometimes been the case in the past. 

2.2 GLACIATION CYCLES 

Present-day estuaries are geologically ephemeral 
coastal features. They formed during the last 
interglacial stage as sea level rose 120 m from 15,000 
years ago fo fhe presenf level, which was reached 
approximately 5000 years ago (Milliman and Emery, 
1968; Eig. 2.1). Such glaciation and deglaciation 
events have occurred regularly during the past few 
million years, causing shifts in the position of the 
coastlines worldwide. The locations of estuaries have 
shifted accordingly. 

Presently, estuaries are common coastal features, 
constituting as much as 80-90% of fhe coasfs along 
fhe east and Gulf coasts of Norfh America, but as little 
as 10-20% along the US Pacific Coasf (Emery, 1967). 
T 5 rpically, esfuaries are more abundant on coasts 
with broad flat continental margins than on coasts 
with narrow, steep continental margins (Schubel and 
Hirschberg, 1978). 

During glaciation periods, a considerable fraction 
of fhe world's oceans were frozen into continental 
glaciers, and sea level was much lower than what it is 
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FIGURE 2.1 The variation of mean sea level for the past 
35,000 years based on data from the Atlantic continental 
shelf of the United States: the solid line is the mean sea level 
and the dashed line is the envelope of all values. Source: 
Modified after Milliman and Emery, 1968. 

now. Coastlines were then located on what is now the 
continental slope, and estuaries were both smaller and 
rarer. During interglacial periods, the glaciers melted, 
sea level rose worldwide, and estuaries became large 
and abundant (Schubel and Hirschberg, 1978). 

The present situation of high sea level and exten- 
sive estuaries has existed for only 10-20% of fhe 
fime during fhe pasf million years, for once formed, 
esfuaries quickly fill wifh sedimenfs and essenfially 
disappear. The sedimenf sources are river-home fer- 
resfrial maferials from fhe eroding confinenfs and nef 
up-esfuary movemenf of sand-sized maferials from 
fhe continental shelf (Meade, 1969). From a geologi- 
cal viewpoinf, fhe fimescale of fhis infill is exfremely 
shorf. Emery and Uchupi (1972) esfimafed fhaf if 
sea level remained consfanf and all sedimenfs were 
deposifed info foday's US esfuaries, fhese would be 
filled wifhin 9500 years, even if fhe load of fhe Missis- 
sippi River, which is half fhe nafion's fofal, was nof 
counted. But all estuaries obviously do not infill at 
this rapid rate, so that estuaries of various sfages of 
geological developmenf exisf around fhe shorelines 
of fhe world (Schubel and Hirschberg, 1978). One 
major reason is fhaf fhe sea level has been rising for 
fhe pasf 10,000 years. Anofher is fhaf coasfal erosional 
forces remove sedimenfs from esfuaries. 



2.3 FROM LAGOONS TO DELTAS 

The t 5 rpe and rafe of geologic developmenf of esfu- 
aries depend nof only on glaciafion cycles and local 
variafions in sediment supply but also on a combi- 
nation of ofher factors, including climatic variability, 
regional and local geology, and variability in marine 
energy inputs, particularly waves and tides imping- 
ing on the coast. 




FIGURE 2.2 Schematic representation of the continuum of 
inlet types from lagoons to deltas. Source: Modified from 
Davies, 1973. 



According to fhe scheme of Davies (1973), fhere 
is a confinuum of esfuarine fypes (Fig. 2.2). Af 
one end of fhe specfrum exisf lagoons produced 
by marine (wave) acfion, found f 5 rpically behind a 
barrier, and characferized by sand-sized sedimenfs. 
Good examples of fhis f5q5e of environmenf are 
fhe lagoons of fhe soufhern Texas and Mexican 
Gulf coasfs (Lankford, 1976). Af fhe opposite end 
of fhe specfrum lie delfas. They are produced by 
river processes rafher fhan by marine acfivifies. 
They f 5 rpically profrude info a receiving basin and 
are characferized by fine-grained silfy sedimenfs 
from ferresfrial runoff. Befween lagoons and delfas 
lie esfuarine lagoons, esfuaries, and esfuarine 
delfas, represenfing a mixfure and gradation of fhe 
fwo exfreme coasfal environmenfs. Presumably, a 
decrease in wave energy coupled wifh an increase in 
river sedimenfs would shiff a particular system from 
fhe lagoon exfreme toward a delfa exfreme. Esfuaries 
have probably shifted in such a manner fhroughouf 
geologic fime as climafes have changed. 



2.4 DEFINITION 



2.4.1 A New Definition 

The exisfing definifions of esfuaries are neifher safis- 
fying nor useful to fhe modern problems of esfuarine 
ecologisfs or fo fhe diversify of environmenfs con- 
sidered above. Thus, a new funcfional definition 
is proposed, which will hopefully help fhose who 
work wifh fhe specfrum of esfuarine f 5 rpes, includ- 
ing lagoons, river moufhs, and delfas. An esfuarine 
system is a coasfal indenfafion fhaf has a resfricfed 
cormecfion fo fhe ocean and remains open af leasf 
infermiffenfly. The esfuarine system can be subdi- 
vided info fhree regions: 



Definition 
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1. A tidal river zone or fluvial zone characterized by 
lack of ocean salinity but subject to tidal rise and 
fall of sea level. 

2. A mixing zone (the estuary proper) characterized 
by water mass mixing and the existence of strong 
gradients of physical, chemical, and biotic quan- 
tities reaching from the tidal river zone to the 
seaward location of a river mouth bar or ebb-tidal 
delta. 

3. A nearshore turbid zone in the open ocean between 
the mixing zone and the seaward edge of the tidal 
plume at full ebb tide. 

This definition differs considerably from those 
previously proposed in that it recognizes and includes 
a nearshore marine component, estuarine in charac- 
ter, which should be considered in the treatment of 
the physical or chemical d 5 mamics, or ecology, of the 
estuarine system as a whole. Thus, our definition of 
estuaries includes the adjacent coastal waters. 

Dionne (1963) and Fairbridge (1980) chose to sub- 
divide the mixing zone into an upper and lower 
region somewhat arbitrarily, and Hansen and Rattray 
(1965) subdivided the same zone into three dynamic 
regions. Such subdivisions can, of course, be made 
when the need arises, depending on the particular 
applications or local conditions. 

2.4.2 Dynamic Boundaries 

It should be recognized that the boundaries of 
the three zones listed above are d 5 mamic. They 
change positions continuously, on timescales from 
shorter than a tidal cycle to armual cycles to geologic 
timescales. The landward extent of the tidal river 
zone moves downriver with increasing freshwater 
discharge, and as the tidal amplitude changes from 
spring to neap tide. Similarly, the interface between 
the tidal river and mixing zones oscillates over 
the tidal cycle and moves seaward with increasing 
river runoff. The interface between the mixing and 
nearshore zones changes much more slowly since it 
is the edge of the land, usually only on timescales 
longer than the seasonal cycle and most dramatically 
over thousands of years. A severe storm, however, 
could breach a barrier island or reef (Hayes, 1978) and 
thus dramatically relocate this interface overnight. 
The seaward boundary of the nearshore zone will 
change positions depending on the stage of the tide, 
river discharge, and prevailing oceanographic and 
meteorological conditions. 

In a given system, all zones may not be present. 
For example, lagoons in arid or semiarid coastal 
regions with a small tidal range may not exhibit a tidal 



river zone. An example of such a system is Cancun 
Bay, Mexico, on the Caribbean side of the Yucatan 
Peninsula. A given estuarine/ lagoon system may not 
exhibit a mixing zone, as defined, if the river discharge 
is very large. In that case, the tidal river could border 
directly on the nearshore zone so that freshwater 
leaves the river mouth with no mixing with salt water 
and the estuarine mixing processes would actually 
take place within the nearshore zone. Examples of 
such systems are the Amazon River (Gibbs, 1970) 
and many large rivers at flood stage. Finally, the 
nearshore zone may be nonexistent in lagoons such 
as Cancun Bay, where the tidal range is small and 
there is a lack of freshwater and sediment discharge. 
A particular estuary can, in theory, go through cycles 
so that the system alternately consists of one, two, or 
three of the defined zones on a seasonal basis. 

2.4.3 Some Exceptions 

Because an estuary is defined as “a coastal indenta- 
tion," semienclosed inland seas such as the Baltic and 
the Mediterranean systems in their entirety are not 
included in the definition, nor are estuary-like sys- 
tems that connect to large lakes rather than to an ocean 
(e.g., the Sea of Azov, which adjoins the Black Sea). 

The large h 5 q)ersaline (300 ppt) lagoons on the 
eastern shore of the Caspian Sea may be expected 
to exhibit processes similar to those operating in 
coastal lagoons (Klenova, 1968). Because these inland 
lagoons are emptied of water by severe wind action 
for half the year, the dynamics and ecology of the 
Caspian Sea systems are very different from the t 5 rpi- 
cal coastal lagoon. Some western Australia coastal salt 
flats /lagoons that flood probably behave similarly. 

2.4.4 Water Balance 

Pritchard (1952a) proposed a classification of estu- 
aries based on their water balance. He gives three 
classes: (i) positive estuaries, where the combined 
freshwater input from rivers, ground water, and rain- 
fall exceeds evaporation; (ii) neutral estuaries, with a 
balance between evaporation and freshwater input; 
and (iii) negative or inverse estuaries, where the evap- 
oration exceeds the combined freshwater input. 

Most readers would think that "estuary" means 
what Pritchard calls a positive estuary and that a 
coastal lagoon means a negative estuary. Depending 
on the hydrologic cycle, a system could change sea- 
sonally from being positive to negative or vice versa. 
The neutral estuary is not an important stage but 
represents a temporal transition of a system between 
positive and negative stages. 
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Although it may at times be useful to think of 
coasfal systems in terms of fhe wafer balance, fhis 
means of classifying an estuary is no longer in com- 
mon use. With the exception of lagoons in arid or 
semiarid regions, mosf estuaries are positive. In fact, 
the traditional definition of an estuary (Cameron and 
Pritchard, 1963; Pritchard, 1967) as “a semienclosed 
coastal body of wafer wifh a free cormecfion wifh 
fhe open sea within which sea water is measurably 
diluted by freshwater from land drainage" defines 
an esfuary as a positive estuary. It certainly repre- 
sents the estuarine system most commonly studied. 
It is, however, a much too restrictive definition in 
that it excludes negative estuaries, the tidal river, or 
nearshore zones. Using this definition, a system does 
not remain an estuary during high runoff conditions 
when the mixing zone disappears, as in the case of 
the Mississippi River floods or fhe Amazon River af 
all times. 



2.5 GEOMORPHIC 
CLASSIFICATION 



2.5.1 Estuarine Types 

If is more useful to classify estuaries according to 
their geomorphology. Each geomorphic t 5 rpe exhibits 
at least a somewhat similar dynamic behavior in terms 
of wafer circulation and mixing. Surface water estu- 
aries can be divided into five main groups (Pritchard, 
1952b; Dyer, 1973): (i) coastal plain estuaries, (ii) 
deltaic estuaries, (iii) lagoons (or bar-built estuar- 
ies), (iv) fjords, and (v) fecfonically caused esfuaries. 
Anofher estuarine system often overlooked but no 
less important to the biogeochemical cycling and ecol- 
ogy of coasfal water bodies is the (vi) subterranean 
estuary first conceptualized by Moore (1999). 

2.5.2 Coastal Plain Estuaries: Classical 

Coastal plain estuaries have been studied most 
extensively because they are the most common 
type in regions where studies began. They formed 
during fhe last eustatic sea level rise, when river 
valleys became increasingly more flooded by fhe 
melting glaciers. Thus, they exhibit the geomorphic 
characteristics of river charmels and flood plains and 
are sometimes called drowned river valley estuaries. 
The t 5 ^ical cross section of a classical coasfal plain 
esfuary consisfs of a V-shaped charmel, seldom 
deeper than 20 m, bordered by broad shallow flats 
(Figs 2.3 and 2.4). Coastal plain estuaries vary greatly 
in size up to that of fhe Chesapeake Bay, some 25-km 



long and on the average 25-km wide, the largest 
US coastal plain estuary. Other good examples of 
large coastal plain estuaries are Delaware Bay and 
Charleston Harbor, South Carolina. Others have been 
described by Officer (1976) and Dyer (1973). 

2.5.3 Coastal Plain Salt Marsh Estuaries 

Anofher kind of coasfal plain estuary, salt marsh estu- 
aries or salt marsh creeks, is found commonly along 
much of fhe US Easf Coast, particularly from Cape 
Fear, North Carolina, to Cape Canaveral, Florida. 
They are characterized by the lack of a major river 
source buf have a well-defined tidal drainage nef- 
work, dendrifically infersecfing fhe extensive coastal 
salt marshes. These estuary-marsh systems are usu- 
ally intercormected. Water and material exchanges 
between the system and the coastal ocean occur 
through narrow, tidal inlets, which continuously 
change their configurations, sometimes dramatically, 
on timescales of less fhan 10 years (see Brurm, 1978). 
Alfhough fhese sysfems formed in a marmer similar 
to lagoons, they have infilled to a much greater extent, 
and now consist primarily of subaerial or intertidal 
salt marshes. The estuary proper in these systems 
consists of fhe drainage channels. These t 5 rpically 
occupy less than 20% of fhe system area and resem- 
ble dynamically the classical coastal plain estuary. 
The size of the estuary is proportional to the size of 
the marsh drained. The t 5 rpical cross section usually 
exhibits two deep charmels separated by a shallow 
region. Charmel depths seldom exceed 10 m although 
it is known that localized, deep scour holes in excess 
of 25 m commonly occur at the junction of tidal creeks 
(Kjerfve et al., 1979). 

2.5.4 Deltaic Estuaries 

In confrasf fo drowned river valley and salt marsh 
estuaries described above, deltaic systems provide 
home for expansive fresh, brackish, and salf marshes 
and mangroves. These sysfems are characterized 
t 5 rpically by major river systems, such as the 
Ganges-Brahmaputra-Menga (India), the Mekong 
(southeast Asia), the Nile (Egypt), and the Mississippi 
(USA) rivers. As the main river approaches the coast- 
line, the water velocities slow and water is moved 
out across the deltaic system. Distributary charmels 
can facilitate this movement into the estuarine 
wetland environment, or the river may overbank and 
flow as overland flow across fhe landscape. These 
disfribufary charmels radiafe from the main river 
source in a dendritic network and provide a large and 
generally shallow (<5 m) estuary to support primary 
productivity and large nursery grounds for marine 
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FIGURE 2.3 Examples of coastal plain estuaries: Winyah Bay and North Inlet, South Carolina. Winyah Bay is a classical 
coastal plain estuary, whereas the North Inlet system is a coastal plain salt marsh estuary. 



and fresh fisheries. Spring discharge following 
winter snowmelt or tropical wet season precipitation 
may also cause overbank flooding and crevasses that 
seasonally refuel the systems with nourishment in the 
form of nutrients and sediments. Rivers generating 
these deltaic estuaries are typically greater than 
15-m depth and discharge 1180 m^/s {Nile R.) to 
156,000 m^/s {Amazon R.) armually (Vorosmarty 
et al., 1998). Deltaic estuarine areas can range in size 
from 81 km^ in the salt marshes of the Santee River, 
South Carolina (Prevost, 2004) to 13,500 km^ in the 
mangrove wetlands of the Ganges -Brahmaputra 



Delta (Islam and Gnauck, 2008) and represent some 
of the most productive, yet fragile, estuaries world- 
wide. High population growth, coastal urbanization, 
and upstream hydrologic manipulation along river 
corridors have contributed to deltaic deterioration in 
the past 100 years (S 5 rvitski et al., 2009). 

2.5.5 Lagoons 

Whether salt marsh estuaries are classified as "coastal 
plain estuaries" or "lagoons" is rather unimpor- 
tant and certainly arbitrary. Lagoons exhibit a larger 
fractional area of open water compared with, for 
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FIGURE 2.4 Cross-sectional profiles of an arbitrary coastal 
plain estuary, showing the same section in 50 times vertical 
exaggeration (top) and without any vertical exaggeration 
(bottom). Coastal plain estuaries have very wide and shal- 
low cross sections. When these sections are presented with 
vertical exaggeration (which is most often the case), this 
gives a misleading impression. 



example, southeastern salt marsh estuaries. Whereas 
lagoons are oriented parallel to the coast, coastal 
plain estuaries are most often orientated normal to 
the coast (Fairbridge, 1980; Fig. 2.5). Lagoons have a 
less well-drained subaqueous drainage network and 
are uniformly shallow, offen less fhan 2-m deep over 
large expanses. The physical processes of lagoons are 
mosfly wind dominated, whereas diffuse freshwafer 
inflow and fide fend fo dominafe salf marsh sysfems, 
at least in the southeast region of fhe Unifed Sfafes. 
Nevertheless, the origin of lagoons is similar fo fhat 
of fhe southeasfem salf marsh esfuaries (Lankford, 
1976). 

During fhe interglacial stage, 80,000 years ago, 
the Pleistocene shoreline stabilized some 6 m above 
the present mean sea level, leading to the forma- 
tion of a narrow raised ridge sysfem parallel fo fhe 
coasf. The ridge is mosf commonly a sand barrier, 
as in fhe case of Laguna de Terminos, Mexico, or a 
coral reef barrier, as in fhe case of fhe Belize barrier 
reef lagoon on fhe Caribbean side of fhe Yucafan 
Peninsula. Then, during fhe lowered level of fhe 
lasf glacial period, atmospheric and fluvial processes 
eroded much of fhat earlier coast. As sea level again 
rose to its present level, extensive areas behind the 
remnants of fhe raised ridge flooded, while marine 
and afmospheric processes maintained and reshaped 
the barrier ridge (Lankford, 1976). Sedimenfafion pro- 
cesses fhen caused fhe sysfems fo infill differenfially, 
and esfuary shapes were furfher modified by climafe 
and vegefafion. 



In confrasf fo mosf esfuaries, lagoons can exhibif 
a wide range in wafer residence fimes due fo their 
parallel orientation to the coast and variability in their 
connections to ocean. Smith (1993) reported residence 
times for fhe Indian River Lagoon, on fhe easf Florida 
coasf (USA), which ranged from a few weeks close fo 
inlefs fo as greaf as 6 monfhs fo a year in fhe mosf 
northern reaches of fhe lagoon. This lagoon is over 
240-km long and ocean inlefs are all posifioned in 
fhe southern portion of fhe lagoon, fhereby limifing 
exchange. In Terminos Lagoon, Yucafan Peninsula 
(Mexico), residence fimes are generally much shorfer 
(4 weeks fo 7 monfhs) due fo fhe coasfal currenf, which 
sweeps in fhe norfh inlef and ouf fhe soufh inlef, and 
also fo fhe wef and dry seasons (Yahez-Arancibia and 
Day, 2006). 

True lagoons are common on all confinenfs and 
are far more prominenf fhan fhe sparse liferafure 
implies. In Norfh America, for example, fhey fringe 
easfern Florida and fhe Gulf of Mexico and are 
abundant on the Pacific coasf of Mexico and soufhem 
coasf of Brazil. The physical characferisfics and 
d 5 mamics of a few have been described by Smifh 
(1987, 1993), Moller ef al. (2001), Lankford (1976), 
Casfanares and Phelger (1969), and Collier and 
Hedgpefh (1950). But, other studies of lagoons are 
rare; several have been studied in other countries: 
the Coorong in South Australia (Noye, 1973, Noye 
and Walsh, 1976), St. Lucia lagoon in South Africa 
(Orme, 1974, Orme and Loeher, 1974), and fhose of 
soufheasfern Ausfralia (Bird, 1967). 

2.5.6 Fjords: Classical 

Fjords also owe fheir origin fo fhe glaciafion cycle. 
During fhe advance of confinenfal glaciers, fongues 
of fhe leading ice edge scoured ouf many river valleys 
in lafifudes above 45° (Fairbridge, 1980; Dyer, 1979). 
Where fhe ice edge reached ifs mosf seaward exfenf, 
on whaf was fhen a porfion of fhe confinenfs, a 
sfeep rock bar usually had formed seaward of fhe 
leading ice edge. If was fhere for fwo reasons. Firsf, 
fhe ice had nof yef been able fo scour if away, in 
parf because fhe ice began fo floaf on fhe salt water. 
Second, scoured material from fhe basin was pushed 
forward by fhe advancing glacier and deposifed at the 
leading ice edge. When the glaciers retreated, these 
rock bars remained to provide spectacular relief af 
fhe seaward edge of fhe basins fhemselves. Whereas 
fhe presenf wafer depfh over sills generally varies 
from 10 fo 90 m, fhe depfh of fhe inferior fjord basins 
offen exceeds 800 m. The overdeepened porfion of fhe 
basins commonly exfends several hundred kilomefers 
inland. A furfher geomorphic characferisfic of fjords 
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FIGURE 2.5 Example of a lagoon. Laguna de Terminos, Campeche, Mexico. Isobaths in meters are drawn and indicate that 
the lagoon for mosf parts is only 2-m deep. Source: Modified after Gierloff-Emden, 1977. 



and glacially carved inlets is their V-shaped cross- 
sectional form, due to the glacier scour. 

Fjords and glacial inlets are common in both 
hemispheres where there has been glacial activity. 
They are particularly spectacular on coasts that serve 
as leading edges of tectonic plate margins, called 
subducted coasts. Good examples are the fjord inlets 
of southern Chile (Pickard, 1971), Alaska, British 
Columbia (Pickard, 1956; Fig. 2.6), and New Zealand. 
Fjords also occur on the present or formerly glaciated 
coasts of Norway, Spitsbergen, Greenland, and Gra- 
ham Land in Antarctica (Fairbridge, 1980). A useful 
treatment of the oceanographic features of Norwegian 
fjords is that of Saelen (1967). 

2.5.7 The Fjord-Like Fjard 

Closely related to fjords are fjards (Swedish) or firths 
(Scottish). These occur commonly in southern Swe- 
den, eastern Canada and New England, and Scotland, 
where the continental relief is less spectacular and the 
continental shelf is more extensive compared with a 
subducted margin coast (Fairbridge, 1980). Fjards or 
firths also formed as a result of glacier scour but do not 
exhibit the overdeepened basin or the V-shaped pro- 
file. Water depths are much shallower than for fjords, 
usually on the order of tens of meters. The shallow 
water depth, particularly in the case of Swedish fjards, 
is due at least partially to the quick isostatic rebound 
of the continent, a response to the cessation of ice 
loading. This uplift rate has been measured as high 
as 15 m per 1000 years. 



2.5.8 Tectonically Caused Estuaries 

The fourth and final geomorphic classification cate- 
gory occurs on tectonically active coasts. These are 
the estuaries caused by faulting, graben formation, 
landslide, or volcanic eruption. The best and most 
extensively studied estuary in this group is San 
Francisco Bay (see Officer, 1976; Conomos, 1979). 
Tectonically caused estuaries exhibit much variabil- 
ity and different ones may behave oceanographically 
similarly to coastal plain estuaries, fjords, or lagoons, 
depending on the local constraints. In summary, estu- 
aries are formed by specific physical processes. The 
extensive nature of estuaries today is due in large part 
to the extensive glaciation of 10,000 years ago. 

2.5.9 Subterranean Estuaries 

Analogous to salt wedge surface water estuaries, 
subterranean estuaries represent the interface 
between seaward discharging groundwater from 
coastal aquifers and landward moving sea (Fig. 2.7). 
Groundwater plume are less dense and rise as they 
encounter infiltrated seawater in coastal sediments. 
This subterranean estuarine system exists wherever 
aquifers hydraulically intersect coastal water bodies 
(Cooper, 1959; Joharmes, 1980; Moore, 1999) and 
is characterized by longer residence times, greater 
water -particle interactions, lower dissolved oxygen 
concentrations, and strong biogeochemical gradients. 
Consequently, chemical reactions (e.g., diagenesis) 
and water circulation patterns within this porous 
and/or permeable media are more complex than in 
surface estuaries. Submarine groundwater discharge 
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FIGURE 2.6 Example of a fjord, the Gardner system in British Columbia, Canada. Source: Modified after Pickard, 1956. 



(SGD) may include both meteoric groundwater from 
continental aquifers and pore wafer exchange from 
marine physical and biological processes (Taniguchi 
ef al., 2002; Burnett ef al., 2003; Marfin ef al., 2006; 
Martin ef al., 2007). The magnifude of mefeoric 
sources fo coasfal wafers varies greafly depend- 
ing on local climafe, geology, and consumptive 
groundwafer use by coasfal communities, whereas 
fhe magnifude of marine sources fo SGD varies 
depending on local wind sfress and tides, residenf 
benfhic burrowing organisms, bottom fopography, 
and sedimenf type (Cable and Martin, 2008). 

Subterranean estuaries can exist within surface 
wafer esfuaries and, consequenfly, can confribufe fo 
fheir hydrologic and biogeochemical budgefs. Subfer- 
ranean esfuaries have been idenfified and sfudied in 
Waquoif Bay, Massachusetts (Michael ef al., 2005), 
Indian River Lagoon (Marfin ef al., 2007) and af 
Turkey Poinf (Sanfos ef al., 2008) bofh in Florida, fhe 
Soufh Aflanfic Bighf (Moore and Wilson, 2005; McCoy 
ef al., 2007), Norfh Inlef, Soufh Carolina (Wilson 
and Gardner, 2006), Flamengo Bay, Brazil (Burnett 
ef al., 2006; Cable and Marfin, 2008; Povinec ef al., 
2008), Cockbum Sound, Perfh, Ausfralia (Bumeff 
ef al., 2006; Loveless, 2006), Mauritius (Oberdorfer, 
2005; Burnett ef al., 2006), and Osaka Bay, Japan 
(Taniguchi and Iwakawa, 2004) fo name a few regions 



in fhe Unifed Sfafes and worldwide. These sfud- 
ies differ in fhe laferal exfenf of fhe subferranean 
estuary with most appearing within 10-20 m of fhe 
shoreline. Flowever, convective circulafion may also 
yield a quasi-subferranean esfuary on fhe confinen- 
fal shelf in response fo inferacfions between deep 
confined aquifers and fhe overlying shelf wafers, as 
shown wifhin 8 km of coasf in fhe Soufh Aflanfic 
Bighf (Moore and Wilson, 2005). In addition, fhe 
biogeochemical flux associafed wifh fhis cafegory of 
subferranean esfuary may be more imporfanf fhan 
surface esfuaries in some cases. Chareffe and col- 
leagues (2005) and Chareffe and Sholkovifz (2006) 
demonsfrafed fhaf fhe fresh-saline seepage fronf 
caused by subferranean esfuaries is also responsi- 
ble for an "iron curfain" of mefal diagenesis, while 
ofher sfudies have shown fhe significance of fhis dis- 
charge for nufrienf fluxes fo coasfal wafer bodies 
and fhe ocean (Kresf ef al., 2000; Sanfos ef al., 2008). 
Groundwafer inpufs and fheir dissolved consfifuenfs 
are also considered responsible for local biological 
zonafion in coasfal wafer bodies by eifher prefer- 
enfially excluding or encouraging flora and fauna 
growfh (Kohouf and Kolipinski 1967; Miller and Ull- 
man 2004). Effecfs of subferranean esfuaries, and fheir 
hydrologic and chemical consequences, are beginning 
fo be recognized for coasflines all over fhe world. 
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FIGURE 2.7 One example of a generalized subterranean estuary, where fresh meteoric groimdwater mixes with infiltrated 
seawater. Source: Modified from Smith et al., 2008. 



2.6 CIRCULATION 



2.6.1 Estuarine Circulation 

Estuarine water circulation is a physical process that 
affects or controls many ecological processes. For 
example, the residence time of a given parcel of 
wafer in an esfuary is a function of fhe circulafion 
patterns, and fhe rafio of wafer residence time fo 
biogeochemical furnover rafe indicafes fhe degree fo 
which hydrodynamics dominafe or modify esfuarine 
processes. 

Thus, compufafion of fluxes of dissolved con- 
sfifuenfs such as nufrienfs, pollufanfs, and salf, as 
well as of parficulafe maferials such as sedimenfs, 
defrifal maffer, and plankfon, requires knowledge of 
fhe circulafion. If is common fo simulafe esfuarine 
physical processes wifh rafher complex mafhemafi- 
cal equations. Buf reasonable formulations for such 
equations usually can be achieved only after making 
several simplifying assumpfions, and fhese assump- 
tions depend very much on fhe assumpfions we make 
abouf circulafion. Very often fhe complexify of fhe real 
sysfems makes if difticulf for us fo produce realisfic 
resulfs from our simplified models. Also, fhe esfuar- 
ine bafhymefry is a funcfion of fhe circulafion, and 
in furn, fhe circulafion depends on fhe bafhymefry 
(Kjerfve, 1978). Thus, care musf be exercised in using 
esfuarine hydrodynamic informafion. As shown sub- 
sequenfly, fhe facf fhaf fhe circulafion causes wafer fo 
move in a cerfain direcfion does nof necessarily mean 
fhaf dissolved and parficulafe consfifuenfs will move 
in fhe same direcfion. 



Estuarine circulation normally is defined as fhe 
residual wafer movemenf, meaning fhaf shorf-ferm 
effecfs are averaged ouf. Because wafer mofions occur 
on a continuum of timescales, if is critical fo choose 
fhe appropriafe fime duration over which fo esfimafe 
fhese residual currenfs. Thus, our compulations of 
circulafion depend greafly on fhe average timescale 
used. As mosf of fhe currenf variability usually occurs 
with a tidal periodicity, estuarine circulation is usu- 
ally calculated as the residual water movement after 
the currents are averaged over one, two, or numer- 
ous complete tidal cycles. It is important to realize 
that the circulation can never be determined from a 
single sef of insfanfaneous measuremenfs buf repre- 
senfs a calculafed quantify fhaf requires sysfemafic 
measuremenfs over an exfended fime period for ifs 
deferminafion (Kjerfve, 1979). 

The fime-averaged currenfs fhaf make up fhe 
circulafion vary depending on locafion in fhe esfuary 
and fhe parficular depfh af which an esfimafe is made. 
If is common pracfice fo refer fo fhese fime-averaged 
currenfs as nef currenfs, tidal currenfs, tidal residuals, 
or nonfidal flows. 

2.6.2 Types of Estuarine Circulation 

The energy fhaf drives esfuarine circulafion is derived 
from eifher solar heating or gravifafional affracfion 
between fhe moon and sun on fhe one hand and fhe 
ocean wafers on fhe ofher. 

Solar heating differentials also cause wind, 
rainfall, and ocean wafer femperafure differences. 
Rainfall, in parficular, affecfs esfuaries by fhe 
energy and mass associafed wifh freshwafer inflow 
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from rivers, and these are major processes driving 
estuarine circulation. Estuarine circulation is also 
driven by wind stress on the estuarine water surface, 
a second major force driving estuarine processes. 

Gravitational attraction on the sea by the moon 
and the sun is the third important process driving 
the estuarine circulation, which is responsible for the 
regular rise and fall of the tide and the more complex 
oscillatory water currents. 

Although wind waves generated within an estu- 
ary or swells propagating into an estuary from the 
ocean could conceivably cause or alter circulation, 
such waves are normally not very important. But vari- 
ability in nearshore current structure has a modifying 
effect on estuarine circulation, as is discussed later. 

Two other factors are important in determin- 
ing circulation — estuarine geometry and bathymetry 
(i.e., curvature and friction effects). Both effects are 
capable of modifying circulation significantly, but 
they differ from the driving forces discussed above 
in that they are passive, that is, these factors alter the 
flow pattern only when currents already exist. Simi- 
larly, ice cover on high-latitude estuaries and human 
activities (e.g., dredging, channelization, damming, 
and diversion) can alter induced circulation patterns. 

The three main driving forces are each responsi- 
ble for a particular circulation t 5 ^e respectively: (i) 
gravitational circulation (due to freshwater runoff), 
(ii) tidal circulation, and (iii) wind-driven circulation. 
Each t 5 rpe is discussed in more detail later. Although 
a given estuary usually is dominated by one circula- 
tion type, this may change temporarily. In addition, 
two or three different circulation t 5 rpes could, in fact, 
be in operation simultaneously in the same estuary. 

2.6.3 Gravitational Circulation 

The presence of salt in an estuary produces a hori- 
zontal density gradient, where relatively freshwater 
near the head of an estuary is less dense than saltier 
water near the mouth. This density gradient results 
in increased ebb tide velocities near the surface and 
increased flood tide velocities near the bed. When 
averaged over a tidal cycle, the resulting residual cur- 
rents transport saline waters landward in the deeper 
regions of the water column and fresher waters sea- 
ward near the surface. This two-layer flow pattern 
(Eig. 2.8a), called gravitational circulation due to the 
fact that it is driven by gravity acting on density 
differences within an estuary, was first described by 
Pritchard (1956), Pritchard and Kent (1956), and Dyer 
(1974) and was represented in an elegant mathemati- 
cal solution by Rattray and Hansen (1962) and Hansen 
and Rattray (1965). 



Velocity shear across the two layers can result 
in entrainment of saline waters from the lower layer 
into the seaward-flowing upper layer, resulting in 
discharges in the surface layer at the estuary mouth 
that are 10-20 times greater than freshwater inputs at 
the estuary head. Thus, much more water takes part 
in the gravitational circulation than was introduced as 
freshwater runoff. Por example, if the river discharge 
into an estuary is R m^ /s, and the longitudinal density 
gradient forces 24R m^/s of saline water to flow 
landward into the estuary in the lower layer, the 
near -surface layer discharge at the estuary mouth 
must be 25R m^ / s for the volume of the estuary to 
remain constant. 

Although gravitational circulation in estuaries is 
related primarily to the salinity distribution, the tem- 
perature distribution can drive the circulation just 
as well under certain conditions. In temperate and 
tropical estuaries, salinity alone usually determines 
the water density (Kjerfve, 1979), because the fresh- 
water inflow provides a source of less dense water 
that mixes with dense ocean water only slowly. Usu- 
ally, no equally effective temperature source or sink 
occurs, which could create as large a density differ- 
ence. An exception to this generality may be found in 
certain arctic or subarctic estuaries where very cold 
and thus, relatively dense, freshwater flows into a 
less cold ocean. In this case, the temperature structure 
may be as important as the salinity in driving the 
gravitational circulation of an estuary. Pickard and 
Trites (1957) showed that a number of inlets in British 
Columbia, Canada, had this characteristic. 

Although gravitational circulation generally 
occurs with light, relatively freshwater flowing 
seaward over a denser, saltier, landward-flowing 
layer, under certain circumstances, this pattern can 
be inverted. In shallow lagoons, high evaporation 
rates caused by wind stress and solar heating can 
result in a wide range of salinities (15 to as high 
as 90; Noye, 1973), even over short time periods 
(less than a week). Often, this evaporation causes 
elevated salinities that far exceed those over the 
adjacent shelf. The typical estuarine salinity gradient 
is thus reversed, and these circumstances can induce 
reversed gravitational circulation, where less saline 
shelf waters flow into the estuary on the surface and 
outflow of h 5 rpersaline lagoon waters to the shelf 
occurs near the bottom of the estuary cross section 
(Wolanski et al., 1981). This phenomenon has also 
been observed in estuaries that lie down-coast from 
large river mouths. During high discharge, the plume 
of the nearby river can be confined to the nearshore 
areas under downwelling-favorable wind conditions, 
causing salinities inside nearby estuaries to exceed 
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FIGURE 2.8 (a) Idealized gravitational circulation in an estuary with rectangular cross section (modified from Wong, 1994). 

(b) Idealized gravitational circulation taking into account effects of rofation and interactions between bathymetry and 
friction (modified from Valle-Levinson, 2008). (c) Idealized gravitational circulation taking into account interactions between 
bathymetry and friction when rotational effects are negligible. Source: Modified from Wong, 1994. 



those in the shelf waters with which they exchange 
water (Alvarez et al., 2006). 

Through the Coriolis effect, the Earth's rotation 
can modify the classical estuarine circulation, 
whereby the surface net outflow is stronger along the 
left side of an estuary in the northern hemisphere, 
looking up-estuary (Fig. 2.8b). Likewise, the net bot- 
tom inflow is along the opposite side. The degree to 
which this occurs depends on how important the Cori- 
olis term is in the overall d 5 mamics of the flow, and 
thus, this phenomenon is more prominent in higher 
latitude estuaries that are deep, wide, and stratified 
(Kasai et al., 2000; Valle-Levinson, 2008). Even under 



circumstances when rotational effects are negligible, 
frictional interactions with bathymetry can strongly 
influence the pattern of gravitational circulation, 
where dense inflows occur in the deeper regions of the 
central channel and surface outflows occur in shallow 
regions along the shores (Wong, 1994; Fig. 2.8c). 

2.6.4 Tidal Circulation 

In the absence of river discharge, density gradients, 
and wind stress, the transport of water in and out of 
an estuary is driven by tides in response to gravita- 
tional interactions between the Sun, Earth, and Moon. 
Though the tide range varies from one tidal cycle 
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(a) OnstowBay, NC 




FIGURE 2.9 (a) Semidiurnal tidal water level signal at 

Onslow Bay, NC, showing spring-neap variability in tide 
range, (b) Diurnal tidal water level signal at Grand Isle, LA, 
showing tropic-equatorial variability in tide range. 



to the next as the Earth's oceans respond to ever- 
varying Sun-Moon-Earth configurations, it gener- 
ally exhibits a fortnightly cycle with maximum and 
minimum ranges approximately every other week. 
This cycle is called the spring-neap cycle in semidiur- 
nal tidal regimes, and it repeats itself every 14.8 days 
in response fo fhe relafive posifioning of fhe Sun and 
fhe Moon (Eig. 2.9a). In diurnal fidal regimes, fhis 
forfnighfly cycle is called fhe tropical-equatorial cycle, 
has a period of 13.7 days, and is caused by forfnighfly 
changes in fhe maximum declinafion of fhe Moon's 
orbif relafive fo fhe Earfh's equafor (Eig. 2.9b). 

The rise and fall of wafer in coasfal oceans prop- 
agafes info esfuaries as a long wave. The speed, or 
celerify, of fhis wave is reduced by friction af fhe 
boffom of fhe basin or esfuary and fhus, fidal propa- 
gation is slower in shallow wafer. Because tides fake 
fime fo progress up an esfuarine basin, high fide af 
fhe moufh of an esfuary may occur much earlier fhan 
high fide near fhe esfuary head. The fime difference 
befween high fide af fhe moufh and high fide af some 
poinf up-esfuary is fhe tidal phase lag. 

Though nef wafer fransporf over a fidal cycle 
may be close fo zero, correlafions befween velocify 
and salinify over a fidal cycle can lead fo a nef 
fransporf of salf, f 5 q)ically direcfed up-esfuary, called 
tidal pumping. Eor example, suppose pure ocean 
wafer wifh salinify 35 psu enfers an esfuary on 
an incoming fide. The salf concenfrafion of wafer 
leaving fhe esfuary on fhe ensuing ebb fide will 
fypically be less fhan 35 psu because fhe oufflowing 
wafer will consisf of ocean wafer fhaf enfered fhe 



esfuary on fhe previous flood fide (35 psu) mixed 
wifh relafively fresh esfuarine wafer (<35 psu). 

Anofher process by which fidal currenfs can lead 
fo nef salf fransporf is fhrough tidal straining of fhe 
horizonfal salinify gradienf (Simpson ef al., 1990). 
Tidal sf raining occurs when fhere is a vertical shear in 
fhe magnifude of fhe fidal currenf, broughf abouf by 
boffom fricfion, where currenf velocities near fhe sur- 
face exceed fhose near fhe boffom. This shear causes 
fresher wafer fo flow over more saline wafer during 
ebb, enhancing sfrafificafion, a process called strain- 
induced periodic stratification (Eig. 2.10). Increasing 
sfrafificafion has fhe overall effecf of sfabilizing fhe 
wafer column and resfricfing furbulenf mixing fo fhe 
dense underlayer, which furfher enhances fhe shear. 
On fhe flood fide, fhe opposife happens: sfrafifica- 
fion is diminished and furbulence is enhanced, which 
fends fo mix fhe momenfum of fhe fwo layers, causing 
a reduction in fhe verfical currenf shear (Monismifh 
ef al., 1996). Thus, fhese circumsfances can cause fhe 
wafer column fo undergo infrafidal cycles of sfrafifi- 
cafion and mixing, which can enhance gravifafional 
circulation when fhe column is sfrafified or suppress 
if when fhe column is mixed. 

2.6.5 Wind-Driven Circulation 

In addition fo circulafion driven by tides and densify 
gradienfs, currenfs in esfuaries can also be driven by 
wind. Afmospherically forced motions in esfuaries 
are imporfanf, because fhey offen are fhe mosf signif- 
icanf factors governing fhe long-ferm fransporf and 
disfribufion of consfifuenfs and can effecf volumefric 
changes befween esfuaries and fheir adjacenf shelves 
fhaf are up fo an order of magnifude greafer fhan 
fhose driven by asfronomical fides (Wiseman, 1986). 

Numerous sfudies have shown how esfuaries 
respond fo a combination of remofe and local effecfs 
(Garvine, 1985; Wong, 1991; Wong and Moses-Hall, 
1998; Janzen and Wong, 2002; Snedden ef al., 2007a). 
Remofe effecfs occur when winds blowing parallel fo 
fhe regional coasfline immediafely oufside an esfuary 
cause marked changes in shelf wafer levels. The wafer 
level response on fhe shelf occurs fhrough fhe Coriolis 
effecf, where wafer accelerafion in response fo wind 
sfress over fhe surface is direcfed 90° fo fhe righf 
(leff) of fhe wind direction in fhe norfhem (soufhem) 
hemisphere, a phenomenon called Ekman transport. 
Thus, in fhe norfhern hemisphere, winds blowing fo 
fhe soufh will fend fo fransporf wafer fo fhe wesf and 
increase shelf sea levels along a wesfem boundary 
of an ocean basin (e.g., fhe Aflanfic coasf of Norfh 
America). The increased shelf sea levels produce a 
pressure gradienf befween fhe shelf and adjoining 
esfuaries in fhe region, ultimately forcing an influx of 
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FIGURE 2.10 Changes in stratification brought about by tidal straining. Before onset of ebb fide, sfratification is often 
negligible (upper left). Owing to vertical shear in the tidal current, near-surface wafers are advected further seaward than 
near bottom waters, which increases stratification. The water column then destratifies by the end of the flood tide (lower 
right). 
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FIGURE 2.11 (a) Remote effect resulting from Ekman transport of shelf waters into an estuary in the northern hemisphere 

driven by westward winds. Water levels increase throughout the estuary, (b) Local effect resulting from winds blowing 
landward over the estuary surface. Water levels increase in the landward reaches of the estuary, and currents flow upwind 
near the surface, and downwind near the bottom. 



shelf waters (Fig. 2.11a). The opposite process occurs 
when winds over the shelf reverse and blow toward 
the north; shelf waters are transported offshore and 
coastal sea levels are thus reduced, releasing water 
from adjoining estuaries onto the shelf. Exchanges 
forced by this remote mechanism tend to produce 
flows that are similar in magnitude and direction 
throughout the water column. 

Local effects occur when winds blowing directly 
over an estuary surface transfer momentum in the 



atmosphere directly into the upper reaches of the 
underlying water column and induce a surface cur- 
rent that elevates sea level in the downwind region of 
the estuary. The resulting sea surface slope within the 
estuary produces an opposing current in the bottom 
portion of the water column that is directed upwind 
(Fig. 2.11b). Because the local effect generates a sea 
surface slope along the estuary, sea-level responses to 
this mechanism increase linearly with distance from 
the estuary mouth. Thus, upper reaches of longer 
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estuaries, such as Chesapeake Bay, exhibit greater 
sensitivity to the local effects of wind (Garvine, 1985). 

In addition fo responding fo winds blowing eifher 
direcfly over or immediafely oufside fhe esfuary, 
large-scale wind sfress fields and moving afmospheric 
pressure sysfems can generafe very long waves fhaf 
propagafe along fhe coasf. These can be eifher (i) 
Kelvin waves, (ii) confinenfal shelf waves, or (hi) 
coasfal f rapped waves (Mysak and Hamon, 1969, 
LeBlond and Mysak, 1978, Gill, 1982), each with their 
own characteristics (ct.. Gill, 1982). These long waves 
have periods from 2 fo 15 days and wavelengfhs 
on the order of 1000 km. They travel parallel to 
the coast, on the continental shelf, af speeds from 
0.1 fo 1.0 m/s (Brooks and Mooers, 1977). Similar fo 
remofely forced sefup, fhese waves can propagafe info 
esfuaries as fhey move along the regional coastline 
and facilitate estuary-ocean exchanges that cause 
substantial changes in estuarine sea levels. 

Regardless of fhe mechanism for wind-forced 
esfuarine mofions, fheir ecological significance can 
be profound. Exchange flows across esfuary-shelf 
regimes can provide mechanisms for ingress and 
egress of fish and inverfebrafes fhaf use esfuaries for 
nursery habifaf as juveniles (Piefrafesa and Janowifz, 
1988; Tilburg ef al., 2005). These exchanges also pro- 
vide a mechanism for fhe exporf of consfifuenfs such 
as carbon (Das ef al., 2010). Currenfs induced by 
wind forcing also induce changes in esfuarine sea 
levels, fhe smallesf of which can inundafe or drain 
vasf fracfs of coasfal weflands (Snedden ef al., 2007a) 
and deliver mineral sedimenfs fo fhese landscapes 
(Snedden ef al., 2007b). Wind-forced sea-level flucfu- 
ations can also impacf plan! species composifion and 
producfivify fhrough influences on wefland hydrope- 
riod (Baldwin ef al., 2001) or soil porewafer salinities 
(Sharpe and Baldwin, 2009). 

2.7 ESTUARINE MIXING 

2.7.1 Mixing Processes 

Estuaries are regions where dense, saline ocean water 
mixes with waters derived from land drainage. Mix- 
ing refers fo fhe blending of parcels of wafer as fhey 
move though an estuary in response to ambient cur- 
rents. As mentioned above, these currents can be 
driven by freshwater inflows, tides, densify gradienfs, 
or wind. Mixing is nof resfricfed fo wafer, buf also 
includes dissolved consfifuenfs such as salf, nufri- 
enfs, or pollufanfs. As such, mixing processes are 
imporfanf deferminanfs fo fhe disfribufion of con- 
sfifuenfs wifhin esfuaries. Mixing processes can be 



eifher advective or dispersive. Transport of consfifuenfs 
fhaf occurs when fhey are carried by wafer flowing 
fhrough an esfuary is called advection. When neigh- 
boring parcels of wafer mix fogefher, a nef fransporf 
of consfifuenfs from regions of high concenfrafion fo 
regions of lower concenfrafion can occur. This is dis- 
persive transport. The distinction befween advection 
and dispersion is somewhaf arbifrary and depends 
largely on fhe fime frame in quesfion. In general, 
mixing over longer timescales is considered advec- 
fion, while over shorfer timescales, if is considered 
dispersion. 

Dispersive mixing of wafer parcels can occur 
fhrough a variefy of processes, including (i) fidal 
sloshing, (ii) shear effecfs, (iii) eddy (or furbulenf) 
diffusion, and (iv) molecular diffusion. Infroduced in 
Section 2.6.4, fidal sloshing, which refers fo fhe fime- 
averaged flux of particles by oscillafory fidal currenfs, 
is a highly effective dispersive process and has, in facf, 
been observed fo be fhe dominanf dispersive process 
in many sfudies (Miranda ef al., 1998; Resfrepo and 
Kjerfve, 2002). Generally, dispersion associated with 
tidal pumping is directed up-estuary. 

Shear dispersion results from laferal and/or 
vertical variability in current velocities that tend to 
"smear" the distribution of consfifuenfs fhroughouf 
an esfuary. As an example of laferal shear, if 
inflowing wafer on fhe easfern side of an esfuary 
moves fasfer fhan thaf on fhe wesfern side, salf 
will be fransported furfher landward on fhe easfern 
side. Similarly, vertical shear dispersion can result 
in further landward transport of consfifuenfs if fhe 
velocify of inflowing wafer near fhe surface exceeds 
fhe velocify near the bed. 

Velocity shear also generates turbulent eddies in 
the water that effectively mix, or disperse, dissolved 
constituents through turbulent diffusion. The effec- 
tiveness of fhis furbulenf mixing in fhe presence of 
velocify shear is governed by a properfy called eddy 
viscosity. It is important to note that eddy viscosity is 
a property of fhe flow, nof fhe fluid ifself. Turbulence 
is especially prominenf near fhe bed, where flow over 
a rough bottom produces furbulenf eddies fhaf prop- 
agafe upward fhrough fhe wafer column. Turbulenf 
diffusion can inferacf wifh shear fo sfrongly augmenf 
dispersion. While dispersion due fo molecular diffu- 
sion also occurs, if is several orders of magnifude less 
fhan furbulenf diffusion and is generally considered 
unimporfanf (Pond and Pickard, 1983). 

Turbulence generafed af fhe boffom boundary 
also plays a large role in governing fhe degree of 
sfrafificafion in fhe wafer column. The bidirectional 
flow associafed wifh gravifafional circulafion acfs 
fo induce sfrafificafion, and varies in response fo 
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changes in buoyancy forcing, or freshwater discharge 
into an estuary. On the other hand, tidal currents 
and the resulting bottom-generated turbulence act 
to mix the water column, and this mixing power 
can widely vary throughout the spring-neap cycle. 
These two opposing forces interact to stratify or mix 
the water column, depending on which force is more 
prevalent. Thus, the water column tends to be most 
stratified during neap tides when buoyancy forcing 
is strong, and strongly mixed during spring tides 
when buoyancy forcing is minimal (Haas, 1977; Grif- 
fin and LeBlond, 1990; Ribeiro et al., 2004; Miranda 
et al., 2005). During the mixed state, nutrients and 
food particles in the bottom layer can mix up into 
the photic surface zone and enhance production and, 
in addition, force oxygen-rich surface waters to the 
bottom, replenishing oxygen (Nezlin et al., 2009). 
Because tidal stirring power is an exponential func- 
tion of velocity (Simpson et al., 1990), even relatively 
small changes in tidal current amplitude can have 
large impacts on stratification. 

Though tidal forcing is usually the most impor- 
tant cause of mixing in estuaries, turbulence induced 
by wind stress across an estuary surface can also gov- 
ern stratification (Goodrich et al., 1987; Van de Kreeke 
and Robaczewska, 1989). Direct wind mixing is usu- 
ally of lesser importance in estuaries unless the tidal 
range is small or the estuary consists of large open 
areas or is shallow, as in the case of many lagoons. The 
wind is usually responsible for the generation of sur- 
face waves, internal waves (Leder, 2002), basin seiches 
(Luettich et al., 2002), and Langmuir wind rows / cells. 
Each of these wave types at times enhances mixing in 
estuaries significantly. 

In addition to generation at the bottom boundary 
layer through bottom friction or at the surface by 
wind stress, turbulence can also be generated within 
the water column near the pycnocline. Stratification 
in this region tends to confine turbulent mixing to the 
lower layer, which further enhances stratification. The 
strong density discontinuity promotes vertical shear 
between the two layers, and as the shear becomes 
large relative to the degree of stratification, turbulence 
develops internally, allowing for mixing throughout 
the stratified water column (Peters, 1997). 

2.7.2 Mixing Diagrams 

As a dissolved or suspended constituent is trans- 
ported into an estuarine region, it is subjected to 
advective and dispersive mixing processes as well as 
changes in salinity. The end result is often that various 
constituents will settle out within the estuary, making 
the system act as a material sink. This is largely the 
case with fine-grained sediments from river sources 



as well as sand-sized sediments from the coastal ocean 
(Meade, 1969). Thus, an important question to ask is 
whether a dissolved or suspended constituent mixes 
conservatively within the estuary versus whether it 
is added to or subtracted from the water column. It 
would mix conservatively if the material concentra- 
tion changes proportionately to the change in salinity. 
Salinity is a conservative constituent, and if a mate- 
rial concentration is plotted linearly against salinity, 
it too would be conservative. Such a plot of salinity 
against a material concentration is referred to as a 
mixing diagram. Systematic deviation of a measured 
estuarine concentration from a straight line in a mix- 
ing diagram is interpreted to imply nonconservative 
behavior of the constituent. This would then usually 
imply that the estuary is a sink or a source for a given 
constituent. 

However, extreme care must be exercised in 
using a mixing diagram. The transformation from 
distance along an estuary to salinity assumes (i) one- 
dimensional (longitudinal) mixing, (ii) quasi-steady 
state, and (iii) that all data are averaged over one 
or more complete tidal cycles (Officer, 1979; Officer 
and L 5 mch, 1981; Loder and Reichard, 1981). Appli- 
cations of the constituent-salinity mixing diagram 
approach require that all transformations affecting 
the constituent in the estuary occur at a rate slower 
than the rate of estuarine flushing, as shown analyt- 
ically by Boyle et al. (1974). These assumptions are 
seldom met in the strict sense, and thus deviations 
from a straight line in a mixing diagram may not 
necessarily mean nonconservative behavior. In par- 
ticular, it is well known (Loder and Reichard, 1981; 
Officer and L 5 mch, 1981) that temporal variations in 
either the riverine or oceanic material concentrations 
can cause nonlinear mixing curves in spite of a con- 
stituent behaving conservatively. Corrections can be 
made, with difficulty, for this problem if sufficient 
data are available. The idea of mixing diagrams is 
developed further in Chapter 3. 

2.7.3 Dynamic Classification 

Rather that classifying estuaries according to geo- 
morphic characteristics, Pritchard (1955) proposed a 
useful classification scheme based on circulation and 
stratification. The three basic estuarine t 5 rpes are A 
(highly stratified), B (partially mixed), and C (well 
mixed). The C t 5 rpe may be subdivided into Cl (verti- 
cally homogeneous with laterally reversing net flow) 
and C2 (vertically and laterally homogeneous). 

The highly stratified t 5 q)e A estuary is exemplified 
by the lower Mississippi River. The density (or salin- 
ity) stratification is extremely sharp, so that pure fresh 
and pure salt water are virtually adjacent, and vertical 
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salt exchange occurs as a function of fhe breaking of 
infernal waves along fhe mid-depfh pycnocline. The 
fype A esfuary usually exhibifs a low fidal range, 
which cannof break down fhe verfical sfrafificafion, 
and a moderafe fo greaf amounf of freshwafer inpuf. 

The parfially mixed esfuary, t 5 rpe B, is exemplified 
by fhe Chesapeake Bay esfuarine sysfem. The verfical 
salf gradienf has fhe shape of fhe cofangenf curve 
wifh fime-averaged salinify differences from 2 fo 10 
ppf befween surface and boffom wafers. The classical 
esfuarine circulafion (i.e., a well-developed gravifa- 
fional circulafion) is f 5 rpical for t 5 rpe B sysfems, which 
for fhe mosf parf are coasfal plain esfuaries or fjard 
or shallow fjord sysfem. These sysfems are characfer- 
ized by moderafe fo large fidal ranges and moderafe 
freshwafer inflow. 

The well-mixed esfuary, f}^e C, is exemplified by 
Norfh Inlef, Soufh Carolina. Tidal mixing is infense 
because of a large fidal range and little freshwafer 
influx. Accordingly, fhere are no verfical density (or 
salinity) gradients. The net circulation is either every- 
where seaward (C2) or with one side flowing in and 
fhe ofher side flowing seaward in cross secfion. In fhe 
laffer case, fidal pumping is fhe dominanf circulafion 
mode. 

An esfuary's classification need nof be sfafic. 
Changes in sfrafificafion broughf abouf by varia- 
fions in fidal stirring power (e.g., fhe spring-neap 
cycle) or buoyancy forcing can affecf changes in an 
esfuary's classification. For example, Miranda ef al. 
(1998) found fhaf Brazil's Berfioga Channel is a t 5 rpe 
A esfuary (highly sfrafitied) during neap fides buf 
fransifions fo a t 5 rpe B or C esfuary (parfially mixed 
or well mixed, respecfively) during spring fides. 
Anfhropogenic impacfs may also influence an esfu- 
ary's classification. Prifchard (1955) suggesfed fhaf in 
managing esfuaries, if would be possible fo change 
fhe circulafion and mixing characferisfics of a parfic- 
ular esfuary from A toward C or from C toward A. 
By dredging an esfuary and fhus making if deeper, 
fhe esfuary can be expecfed fo alfer ifs characferis- 
fics from A fo B or B fo C. Similarly, by widening 
a channel, fhe characferisfics of fhaf secfion can be 
expecfed fo change toward a B or a C f}^e if all 
ofher parameters are held consfanf. The damming of 
rivers leading info an esfuary can likewise change fhe 
esfuarine d 5 mamics because of fhe change in buoyanf 
mixing. The greafer fhe discharge, fhe more likely is 
fhe A-f 5 rpe esfuary because of a well-developed verfi- 
cal sfrafificafion. Wifh decreasing river inpuf fhe t 5 rpe 
A may become a t 5 ^e B, and fhe fype B a t 5 ^e C. 



2.7.4 Circulation-Stratification Diagram 

Hansen and Rattray (1966) proposed an improve- 
menf on fhe dynamical classification of esfuaries 
by a dimensionless circulafion- sfrafificafion diagram 
(Fig. 2.12). By plotting a sfrafificafion parameter ver- 
sus a circulafion paramefer, fhey managed fo describe 
a continuum of esfuaries and show how a given esfu- 
ary may change over a season. 

The sfrafificafion paramefer is simply fhe rafio of 
fhe salinify difference befween boffom and surface 
layers and fhe depfh-averaged salinify. Each of fhese 
salinifies is tirsf averaged over one or more complete 
fidal cycles. The circulafion paramefer is likewise a 
rafio befween fhe nef surface flow and fhe freshwafer 
flow. The nef surface flow is faken as a represenfafive 
value across an esfuarine secfion fo smoofh ouf laferal 
effecfs and wifh fhe assumption of a sfeady sfafe. 
Thus, changes in wafer level from beginning fo end 
of a fidal cycle are averaged ouf. The freshwafer flow 
is simply fhe sfeady freshwafer discharge divided by 
fhe cross-sectional area. 

Hansen and Rattray (1966) found fhaf mosf esfu- 
aries could be grouped info four regions on fheir 
diagram. Class 1 esfuaries are eifher lagoons or 
bar-builf esfuaries. Class la is vertically mixed and 
includes Norfh Inlef, whereas lb exhibifs more verfi- 
cal sfrafificafion. Bofh, however, have a fofal lack of 
gravifafional circulafion. Upsfream salf mixing fakes 




FIGURE 2.12 Estuarine classification diagram (Hansen and 
Rattray, 1966) according to nondimensional stratification 
and circulation parameters. MR, Mississippi River; VE, 
Vellar Estuary, India; NI, North Inlet, SC; SS, South Santee, 
SC; JR, James River, VA; NM, Narrows of Mersey, UK; 
JF, Straits of Juan de Fuca, WA; and SB, Silver Bay, AK. 
Source: Copyright 1966 by the Association for the Sciences of 
Limnology and Oceanography, Inc. Used with permission. 
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place by longitudinal dispersion mechanisms alone. 
Most estuaries studied fall into class 2, which over- 
laps with coastal plain and partially mixed estuaries. 
Again, this t 5 rpe was subdivided into a well-mixed 
(2a) and a weakly stratified (2b) subclass. This class 
is characferized by reasonably well-developed gravi- 
fafional circulafion and longifudinal mixing by bofh 
dispersive and advecfive mechanisms. 

Class 3 esfuaries, on fhe ofher hand, are domi- 
nated by advective mixing processes, with dispersive 
effects playing a negligible role. Most systems in this 
class show moderate to strong stratification and are 
further characterized by well-developed gravitational 
circulation. This class includes most fjard and some 
fjord esfuaries and a number of esfuarine sfraifs. 

Class 4 esfuaries, finally, coincide wifh Prifchard's 
(1955) t 5 ^e A, fhe sfrongly sfratified sysfem. Vertical 
mixing is limited and the gravitational circulation is 
weak or nonexistent. 

Hansen and Rattray's (1966) classification repre- 
sents an improvement over previous classification 
schemes in that it allows a direct comparison of 
esfuarine dynamics and mixing processes befween 
sysfems. This, in turn, makes it possible to generalize 
to some degree about different estuaries. With this 
basic background in the physics of esfuaries, if is 
now possible fo consider fhe chemisfry and biology 
of esfuaries, which are very much influenced by fhese 
basic physical properties. 
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ESTUARINE CHEMISTRY 

Thomas S. Bianchi 



3.1 BASICS IN BIOGEOCHEMICAL 
CYCLES AND CHEMICAL 
PRINCIPLES 



3.1.1 Global Biogeochemistry 

Some of the first applications of the integrative 
field of Biogeochemistry are derived from organic 
geochemical studies where organisms and their 
molecular biochemistry were used as an initial 
framework for interpreting sources of sedimentary 
organic matter (SOM; Abelson and Hoering, 1960; 
Eglinton and Calvin, 1967). Biogeochemical cycles 
involve the interaction of biological, chemical, and 
geological processes that determine sources, sinks, 
and fluxes of elements through different reservoirs 
within ecosystems (Bianchi, 2007). For example, a 
reservoir is the amount of material (M), as defined by 
its chemical, physical, and/or biological properties. 
The units used to quantify material in a reservoir, in 
the box or compartment of a box-model, are t 5 rpically 
mass or moles. Flux (F) is defined as the amount of 
material that is transported from one reservoir to 
another over a particular time period (mass / time or 
mass/ area/ time). A source (Sj) is defined as the flux 
of material into a reservoir, whereas a sink (S^,) is 
the flux of material out of the reservoir (many times 
proportional to the size of the reservoir). The turnover 
time is required to remove all the materials in a 
reservoir, or the average time that elements spend in a 
reservoir. Finally, a budget is essentially a “checks and 



balances" of all the sources and sinks as they relate to 
the material turnover in reservoirs (Chapter 17). For 
example, if the sources and sinks are the same, and 
do not change over time, the reservoir is considered 
to be in a steady state. The term cycle refers to when 
there are two or more cormecting reservoirs, whereby 
materials are cycled through the system — generally 
with a predictable pattern of cyclic flow. 

The spatial and temporal scales of biogeochem- 
ical cycles vary considerably depending on the 
reservoirs considered. In the case of estuaries, most 
biogeochemical cycles are based on regional rather 
than global scales. However, with an increasing 
awareness of the importance of atmospheric fluxes 
of biogases (e.g., CO 2 , CH 4 , and N 2 O) in estuaries 
and their impact on global budgets (Seitzinger, 
2000; Frankignoulle and Middelburg, 2002), some 
budgets will involve both regional and global 
scales. 

3.1.2 Thermodynamics and Kinetics 

Before discussing the chemical d 5 mamics of estuar- 
ine systems, it is important to briefly review some 
of the basic principles of thermodynamic or equilib- 
rium models and kinetics that are relevant to upcoming 
discussions in aquatic chemistry. Similarly, the fun- 
damental properties of freshwater and seawater are 
discussed because of the importance of salinity gra- 
dients and their effects on estuarine chemistry. 

Owing to the complexity of natural systems, equi- 
librium models can tell you something about the 
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chemical constituents (gases, dissolved species, and 
solids) under well-constrained conditions (no change 
over time, fixed temperature, pressure, and homo- 
geneous distribution of consfifuenfs). Equilibrium 
models will fell you somefhing abouf fhe chemisfry 
of fhe sysfem af equilibrium buf will nof fell you 
anyfhing abouf fhe kinefics wifh which fhe sysfem 
reached equilibrium sfafe. The laws of fhermody- 
namics are fhe foundafion for chemical sysfems af 
equilibrium. The basic objectives in using equilibrium 
models in esfuarine/ aquatic chemisfry is fo calculafe 
equilibrium composifions in nafural wafers, fo defer- 
mine fhe amounf of energy needed fo make cerfain 
reactions occur, and fo ascerfain how far a sysfem 
may be from equilibrium. For more defails on fhis, 
fhe reader is referred fo fhe study by Stumm and 
Morgan (1996). 

Chemical kinetic models provide information on 
reaction rates that carmot otherwise be obtained in 
chemical thermod5mamics (Bianchi, 2007). However, 
in many situations, information, such as kinetic rate 
constants, needed for such models are nof available. 
The basic premise in kinefics is fo relafe fhe rafe of a 
process fo fhe concenfrafion of reacfanfs. For example, 
we can examine fhe formation and dissociafion of 
species AB as if relafes fo reacfanfs A and B in fhe 
following reactions: 

Kh 

A -H B ^ AB and AB ^ A -H B (3.1) 

where is fhe rafe consfanf of formafion and k^,, fhe 
rafe consfanf of dissociafion. 

The unifs of fhe rafe consfanfs (e.g., seconds and 
days) will depend on fhe unifs of concenfrafions as 
well as fhe exponenfs. Temperafure is anofher impor- 
fanf factor fhaf is critical in affecfing rafe consfanfs. If is 
well esfablished fhaf femperafure increases chemical 
reaction rafes and biological processes — particularly 
imporfanf in esfuarine, biogeochemical cycles are fhe 
effecfs on microbial reactions. The following well- 
known equation used fo describe fhese effecfs is 
referred fo as fhe Arrhenius equation: 

k = (3.2) 



The mosf common way, nof necessarily fhe besf, of 
dealing wifh fhe femperafure dependence of biolog- 
ical processes began wifh a sfudy on fermenfafion 
rafes (Berfhelof, 1862), where if was suggesfed fhaf 
since rafe increases wifh femperafure, k af T -|- 1 is 
greater fhan k af T — 1 by a fixed proporfion. If has 
become common fo use a ratio over a 10° difference, 
or whaf is called fhe Q^g defined as follows: 



Qio — 



k{T + 10) 



(3.3) 



Because log k does nof go up linearly wifh femper- 
afure, Qig will be dependenf on fhe femperafures 
of comparison. The larger fhe Qjg, fhe greafer fhe 
effecf femperafure has on fhe reaction. A value of 
Qjg = 1 implies fhaf femperafure has no effecf on 
fhe reaction. Consequenfly, many of fhe global bio- 
geochemical cycles mediated by biological processes 
are highly dependenf on femperafure, perhaps mosf 
nofably frace gas (e.g., CO2 and CH4) cycles — as fhey 
relafe fo global warming. Ofher factors involved in 
confrolling fhe chemical kinefics of reacfions mighf 
include cafalyfic reacfions, kinetic isotope effecfs, and 
enzyme-cafalyzed reacfions (Bufcher and Anfhony, 
2000 ). 

If we consider fhe dissolufion of a simple min- 
eral sail such as NaCl where fhe ions are efficienfly 
hydrafed by wafer molecules, fhe ion inferacfions 
befween Na+ and CH are essenfially insignificanf, 
as well as wifh H+ and OH^. Conversely, fhe solu- 
bilify of ofher mineral sails may be enhanced wifh 
fhe formafion of ion pairs (Millero, 1996), a salting-in 
effect, requiring fhe inclusion of ion speciafion effecfs 
(Pankow, 1991). In confrasf, fhere is commonly a 
salting-out effect of dissolved consfifuenfs across a 
salinify gradienf; fhis can be particularly imporfanf 
when examining more hydrophobic organic com- 
pounds, such as aromatic hydrocarbons in esfuaries 
(Means, 1995). Cerfainly, wifh any calculation under 
equilibrium conditions, solubilify of fhese mineral 
sails is a funcfion of femperafure, pressure, and ionic 
sfrengfh. Thus, effecfs of changing salinify gradienfs 
in esfuarine environmenfs will have a dramatic effecf 
on fhe solubilify of minerals. 



where k is fhe rafe consfanf. A, fhe frequency facfor 
(number of significanf collisions producing a reac- 
fion). Eg, fhe activation energy (amounf of energy 
required fo sfarf a reaction, in J), R, fhe universal 
gas constant — 0.082057 dm^ afm/mol/K, and T, fhe 
absolute temperature (K). 

The rafes of chemical processes usually increase 
in fhe range of 1.5-3.0, and biological processes by 
a facfor of 2.0, for a 10°C increase (Brezonik, 1994). 



3.1.3 Redox Chemistry 

The significanf oxygen gradienfs commonly found 
in esfuarine wafers and surface sedimenfs is largely 
confrolled by sfrafificafion, which is a funcfion of 
tidal and wind mixing, and organic matter load- 
ing (Officer ef al., 1984; Borsuk ef al., 2001; Bianchi, 
2007). Consequenfly, redox and acid -base reacfions 
are also imporfanf in defermining fhe sfafe of an ion in 
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estuarine waters. The half-reactions typically used to 
describe reduction/ oxidation (redox) are as follows: 

OXj -I- ne^ = REDj half-reacfion 1 (3.4) 

RED 2 = 0 X 2 -|- ne^ half-reacfion 2 (3.5) 

where OX is fhe oxidized form, RED, fhe reduced 
form, and n, fhe number of elecfrons (e~) transferred. 
When combined, fhe half-reacfions and fhe final redox 
equation are as follows: 

0X1 -h RED2 = REDi -h 0X2 (3.6) 

This equafion represenfs fhe exchange of elecfrons 
between OX^ and RED 2 fo produce RED^ and OX 2 . 
In fhis, OX^ is considered fo be fhe oxidant because 
if oxidizes RED 2 fo OX 2 , and RED is fhe reductant 
because if reduces OXj fo REDj. A fyrpical redox 
half-reacfion fhaf occurs in esfuarine wafers is fhe 
reduction of Ee^+ fo Ee^+: 

Ee^+ + e- = Ee^+ (3.7) 

Redox in sedimenfs is fyrpically defined by Ej, (redox 
pofenfial) where posifive values indicafe oxidizing 
condifions (Sfumm and Morgan, 1996). In redox 



chemisfry, fhe half-reacfion concepf is used fo 
undersfand E^, which is fhe elecfron acfivify in volfs 
relative fo a sfandard hydrogen elecfrode (Chesfer, 
2003). Thus, fhe acfivify of elecfrons in solution is 
expressed by elecfron acfivify (pe), a dimensionless 
ferm, or (volfs) by fhe following equafion: 



pe = 



2.3RT 



(Eh) 



(3.8) 



where F is fhe Earaday's consfanf, R, fhe gas consfanf, 
and T, fhe absolufe femperafure. E^ condifions are 
primarily confrolled by production and decomposi- 
tion of organic matter; posifive values are oxidizing 
and negative values are reflective of reducing condi- 
fions (Eig. 3.1; Bianchi, 2007). The depfh of fhe redox 
potential discontinuity (RPD) layer is associafed with 
distinct coloration, indicative of differences befween 
oxic and suboxic condifions (Eenchel and Riedl, 1970; 
Sanfschi ef al., 1990). The oxidized region in surface 
sedimenfs of esfuarine sedimenfs (one fo a few cen- 
fimefers of sedimenf) is fyrpically orange-brown (Fe 
and Mn oxides) followed by a reduced region fhaf is 
gray-black (mono- and poly sulfides). The depfh of fhe 
RPD is largely confrolled by fhe amounf of organic 
maffer loading, physical mixing, and biofurbafion. 



0 O 2 (nmolcm ^ — ^)100 



Electron Bacterial process: 

acceptors Representative chemical reaction(s) 



Oxygen 


Aerobic respiration: 

(CH2)x(NH3)y{H3P04)2 + x02 ^ xC02 + XH2O + yNH3 +2H3PO4 

Nitrification: 

NHJ + 2O2 ^ NO3 + H2O + 2H+ 

Sulfide Oxidation: 

HS“ + 2O2 ^ SO|-+ H+ 


Nitrate, 

metals 


Denitrification: 

5CH2O + 4NO3 ^ 4HCO3 + CO2 + 2N2 +3H2O 
Manganese oxide redution: 

CHjO + 2Mn02 + 3CO2 + H2O ^ 2Mn2+ + 4HCO3 
Nitrate reduction: 

2CH2O + NO3 + 2H+ ^ 2CO2 + NHJ + H2O 
Iron oxide reduction: 

CH2O + 4Fe{OH)3 + 7CO2 ^ 8HCO3 + 3H2O + 4Fe2+ 


Sulfate 


Sulfate reduction (fermentation): 

2CH3CHOCOOH + SO|“^ 2CH3COOH + 2HCO3 + H2S 
CH4 + SO|- ^ HCO3 + HS- + H2O 
4H2 + sot ^ HS + OH + 3H2O 


CO2, 
selected 
Cl — C2 
compounds 


Acetate fermentation: 
CH3CHOOH ^ CH4 + CO2 
C02reduction: 
C02+4H2^CH4 + 2H20 
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FIGURE 3.1 Bacterial decomposition of organic matter in marine/estuarine sediments through a sequence of terminal 
electron acceptors (e.g., O 2 , N 03 ~, Mn 02 , FeOOH, 804 “, and CO 2 ) and changing redox. Source: Modified from Doming and 
Baross (1993). 
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Recent work has shown that the location of the RPD 
depth is very similar when measured by electrodes in 
sediment cores or sediment profile images (Rosenberg 
ef al„ 2001). 

The decomposifion of organic maffer in marine/ 
esfuarine sedimenfs proceeds fhrough a sequence 
of terminal electron acceptors (e.g., O2, N03^, Mn02, 
FeOOH, S04^, and CO2; Froelich ef al., 1979; Canfield, 
1993) as shown in Figure 3.1 (Deming and Baross, 
1993). The sequence of reactions is principally defer- 
mined by fhe free energy yields (AG°) of per mole 
of organic C. In essence, fhe producfs of one elecfron 
acceptor become fhe elecfron donor for anofher elec- 
fron acceptor such as fhe oxidafion of Fe^+ and FeS 
by Mn02 and N03~. While fhis sequence provides 
a basic framework from which fo work, recenf work 
has shown thaf fhe versafilify of many bacteria may 
allow for several of fhese reactions fo occur in fhe 
same zone (Brandes and Devol, 1995). 



3.2 MIXING AND PARTICLE 
EFFECTS ON CHEMISTRY OF 
ESTUARINE WATERS 



3 . 2.1 Reactivity of Dissolved Constituents 

The mixing of river wafer and seawater can be quite 
varied in differenf esfuarine systems resulfing in a 
wafer column fhaf can be highly or weakly sfraf- 
ified/mixed (Bianchi, 2007). These intense mixing 
and ionic strength gradients can significantly affect 
concentrations of bofh dissolved and particulate con- 
sfifuenfs in fhe wafer column fhrough processes such 
as sorption/desorption and flocculation, as well as biolog- 
ical processes. The reactivity of a parficular esfuarine 
consfifuenf has been fradifionally interpreted by plof- 
fing ifs concenfrafion across a conservative salinify 
gradienf. As shown by Wen ef al. (1999), fhe sim- 
plesf disfribufion paffern, in a one-dimensional, fwo 
end-member, sfeady-sfafe sysfem, would be for a con- 
servative constituent fo change linearly wifh salinify 
(Fig. 3.2; Bianchi, 2007). For a nonconservative con- 
stituent, when there is net loss or gain in concentration 
across a salinity gradient, extrapolation from high 
salinities can yield an "effective" river concentration 
(C*). This "effective" concentration can be used to 
infer reacfivify of a consfifuent and can be used fo 
determine fofal flux of fhe consfifuenf fo fhe ocean. 
For example, when C* = Cg, fhe consfifuenf is behav- 
ing conservafively, when C* > Cg, fhere is removal 
of fhe consfifuenf (nonconservafive behavior) wifhin 
fhe esfuary, and when C* < Cq, fhe consfifuenf is 
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F IG U R E 3 . 2 Illustration of the simplest distribution pattern, 
in a one-dimensional, two end-member, steady-state sys- 
tem for a conservative constituent to change linearly with 
salinity. Source: From Wen et al. (1999). 

being added (nonconservative behavior) within the 
estuary. River flux (F^j^) to the estuary and ultimately 
to the ocean is commonly estimated using this sim- 
plified mixing model. The flux of material info an 
esfuary is = RCq, where R is fhe river wafer flux. 
Similarly, flux from fhe esfuary fo fhe ocean (F^^g^^) 
can be esfimafed by F^gg^j^ = RC*. Finally, fhe overall 
nef internal flux (F^^j) from inpuf or removal can be 
esfimafed by = R{C* — Cg). 

Despite widespread applicafion of fhe sfandard 
mixing model in esfuarine sysfems, fhere are numer- 
ous problems when invoking fhese simple sfeady- 
sfafe mixing assumpfions. Early work showed fhaf 
nonreacfive consfifuenfs can display nonconservafive 
mixing due fo fimescale differences in river concen- 
frafions of fhe consfifuenf relative fo esfuarine mixing 
fimescales (Officer and L5mch, 1981). 

The relative imporfance of fluxes of dissolved 
consfifuenfs from groundwater inputs to estu- 
arine and shelf wafers is yef anofher fransporf 
mechanism fhaf adds complexify fo fhe esfuarine 
mixing index. Groundwater inpufs of nufrienfs fo 
esfuaries can be quife considerable (Kelly and Moran, 
2002) enhancing fhe nonconservafive behavior of 
nufrienfs. 

3.2.2 Effects of Suspended Particulates 
and Chemical Interactions 

Particulates in esfuarine sysfems are composed 
of bofh seston (discrete biological particles) and 
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inorganic lithogenic components. An operational 
cutoff definition of 0.45 pm is used in fhis section 
fo discriminafe parficulafes. The highly dynamic 
characfer of esfuarine sysfems (e.g., tides, wind, and 
resuspension) can resulf in considerable variabilify 
in particle concentration over diurnal time intervals 
(Fain et al., 2001). Moreover, the reactivity of fhese 
particles can change over shorf spatial infervals due 
fo rapid changes in salinify, pH, and redox condifions 
(Herman and Heip, 1999). Wafer column particulafes 
in esfuaries, primarily derived from rivers, adjacenf 
wefland sysfems, and resuspension evenfs, are 
imporfanf in confrolling fhe fafe and fransporf of 
chemicals in esfuaries (Turner and Millward, 2002). 
A recenf review by Turner and Millward (2002), 
with particular emphasis on metals and hydrophobic 
organic micropollutants, showed that processes 
such as ion exchange, adsorption-desorption, and 
precipitation-dissolution were critical in control- 
ling the partitioning of chemical species in esfuaries 
(Fig. 3.3). Biological processing of parficulafes by bofh 
pelagic and benfhic micro- and macroheferofrophs is 
also critical in esfuaries. 

Lifhogenic particles are derived from weafhering 
of crusfal maferials and mosfly comprise fhe primary 
minerals quarfz, feldspar, secondary silicafe minerals 
such as clays, and hydrogenous componenfs (Fe 
and Mn oxides, sulfides, and humic aggregafes) 
formed in situ by chemical processes (Turner and 
Millward, 2002). Mineral surfaces on fhese particles 



are imporfant in binding organic molecules, gels, 
and microaggregafes (Mayer, 1994a,b; Aufdenkampe 
ef al., 2001). The fafe of organic molecules in esfuarine 
sysfems largely depends on whefher they are sorbed 
to mineral surfaces (Keil ef al., 1994a,b; Baldock and 
Skjemsfad, 2000). For example, selective partitioning 
of basic amino acids (posifively charged) fo clay 
particles (negatively charged) has significanf effecfs 
on the composition of dissolved amino acids in 
river wafers of fhe Amazon Basin (Aufdenkampe 
ef al., 2001). Similarly, concenf rations of many frace 
mefals in esfuarine wafers are also influenced by 
sorpfion-desorpfion inferacfions wifh suspended 
particles (Santschi et al., 1999). 

Biogenic particulates derived from fecal pellefs 
and plankfonic and terresfrial defrital materials are 
also important in controlling chemical interactions 
in estuaries (Bianchi, 2007). Other suspended partic- 
ulates composed of complex aggregafes of biogenic 
and lifhogenic maferials have similar effecfs. Many 
of fhese biogenic particles are degraded and con- 
verted to dissolved organic matter (DOM), which can 
then be sorbed to lithogenic particles providing an 
organic coating. These organic coatings are important 
in controlling the surface chemisfry of parficulafes 
in aquafic environmenfs (Loder and Liss, 1985; Wang 
and Lee, 1993). Organic defrital particulates also affect 
the adsorption of amines (Wang and Lee, 1990) and 
ammonium (Mackin and Aller, 1984) in sedimenfs. 




FIGURE 3.3 Processes critical in controlling the partitioning of chemical species in estuaries with particular emphasis on 
metals and hydrophobic organic micropollutants (HOMs). Source: Modified from Turner and Millward (2002). 
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3.2.3 Sources and Mixing of Dissolved 
Salts in Estuaries 

Before discussing the factors that control concentra- 
tions of the major dissolved components in rivers, 
estuaries, and oceans, it is important to discuss the 
operationally defined size-spectrum for different 
phases (dissolved, colloidal, and particulate) of an 
element. The conventional definition for dissolved 
materials is the fraction of total material that passes 
through a membrane filter with a nominal pore size 
of 0.45 |xm (Fig. 3.4; Wen et al., 1999). Although 
ultrafilters are available for isolation of colloidal 
materials, this fraction is traditionally included 
within the dissolved fraction. However, colloids are 
not considered to be truly dissolved even though 
some of them pass through a 0.45-(rm filter. 

All natural waters in the world have a certain 
amount of salts dissolved in them. From a chemical 
perspective, estuarine environments are places where 
seawater is measurably diluted by freshwater inputs 
from the surrounding drainage basin. The mixing of 
river water and seawater in estuarine basins is highly 
variable and t 5 rpically characterized by sharp concen- 
tration gradients. In simple terms, estuaries contain a 
broad spectrum of mixing regimes between two dom- 
inant end-members — rivers and oceans. Rivers have 
highly variable amounts of salts in them t 5 rpically 
ranging in a few hundreds of milligrams per liter, 
whereas the oceans have more stable concentrations 
in the range of grams per liter. 



The sources of salts in rivers are primarily derived 
from the weathering of rocks in the drainage basin of 
rivers and estuaries, in addition to other human activ- 
ities (e.g., agriculture; Burton and Liss, 1976; Berner 
and Berner, 1996; Bianchi, 2007). When examining 
the relationship between drainage basin area and 
total sediment discharge in major rivers of the world, 
it becomes clear that factors other than basin area 
are important. In addition to basin area, other fac- 
tors t 5 rpically include the following: relief (elevation) 
of the basin, amount of water discharge, influence 
of lakes/dams (e.g., storage) along river, geology 
of basin, and climate (Milliman, 1980; Milliman and 
S 5 Tvitski, 1992). Consequently, the composition of sus- 
pended materials in rivers is largely a function of the 
soil composition of the drainage basin. However, 
significant differences exist between the chemical 
composition of suspended materials in rivers and 
the parent rock material. This is due to differences 
in the solubility of different elements in parent rock 
materials. For example, elements such as Fe and Al are 
less soluble than Na and Cl, making them less abun- 
dant in the dissolved materials and more abundant 
in the suspended load of rivers, respectively (Berner 
and Berner, 1996). This enrichment of Fe and Al is 
further supported by the element weight ratio, which 
if >1 indicates elemental enrichment. In some cases, 
rivers may receive the majority of salt inputs through 
precipitation and evaporation processes. This rela- 
tionship was established when Gibbs (1970) plotted 
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FIGURE 3.4 Conventional definition for dissolved materials shown as the fraction of total material that passes through a 
membrane filter with a nominal pore size of 0.45 p,m. Source: From Wen et al. (1999). 
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the total dissolved solids concentration of rivers ver- 
sus the compositional indices of Na+/(Na^ -|- Ca^^) 
andCl-/(Cr -pHCOg^). 

A hisforical accounf of measuremenfs of major 
dissolved componenfs of seawafer indicafes fhaf fhe 
mosf abundanf elemenfs, in order of decreasing abun- 
dance are Cl^, Na+, Mg^+, S 04 ^^, Ca^+, and K+ 
(Table 3.1; Millero, 1996). In confrasf fo rivers, fhe 
major consfifuenfs of seawafer are found in relafively 
consfant proportions in the oceans, indicating that the 
residence times of fhese elemenfs are long (fhousand 
fo millions of years) — highly indicative of nonreac- 
five behavior (Millero, 1996). This relafive consfancy 
of major (and many minor) elemenfs in seawafer is 
referred fo as fhe rule of constant proportions orMarcet's 
principle. More specifically, fhese elemenfs are consid- 
ered fo be conservative elements, whereby changes in 
fhe concenfrafions of fhese elemenfs reflecf fhe addi- 
fion or loss of wafer fhrough physical processes. While 
fhese elemenfs may be involved in ofher chemical 
or biological reactions, concentration changes from 
fhese processes are too small fo change fhe consfancy 
of fhe elemenfal ratios (Wangersky and Wangersky, 
1980; Libes, 1992). The remaining elements in sea- 
water are termed nonconservative because they do 
not remain in constant proportion due to biological 
(e.g., uptake via photosynthesis) or chemical (e.g., 
hydrothermal vent inputs) processes. In estuaries, 
as well as other oceanic environments (e.g., anoxic 
basins, hydrothermal vents, and evaporated basins), 
the major components of seawafer can be alfered 
quife dramafically due fo numerous processes (e.g., 
precipifation, evaporation, freezing, dissolufion, and 
oxidafion). 

TABLE 3.1 Relative composition of major 

components of seawater (pH^^j = 8.1, 

S = 35, and 25°C) 




3.2.4 Measurement of Salinity 

Salinity was first rigorously defined by Knudsen 
(1902) as “fhe weighf in grams of fhe dissolved inor- 
ganic matter in one kilogram of seawafer after all 
bromide and iodide have been replaced by fhe equiv- 
alenf amount of chloride and all carbonate converted 
fo oxide." The relative constancy of fhe major ions 
in seawafer is consfanf enough fhaf deferminafion of 
one major componenf could be used fo determine fhe 
ofher componenfs in a sample. 

Owing fo fhe accuracy and reproducibilify of 
fhe measurement, chloride was chosen as the ion of 
choice. Libes (1992) defines chlorinity as "fhe mass 
in grams of halides (expressed as chloride ions) fhaf 
can be precipifafed from 1000 g of seawafer by Ag+." 
This is referred fo as fhe Mohr titration, where sil- 
ver nifrafe is used fo fifrafe seawater with potassium 
chromate as an indicator. Chlorinity can also be esti- 
mated using density and conductivity measurements 
(Cox et al., 1967). Thus, salinity is now commonly 
measured using an inductive salinometer, where the 
conductivity of water is measured; in essence, the 
electrical current is controlled by the movement and 
abundance of ions; fhe more fhe dissolved sails, fhe 
greater fhe conducfivify. Since much of fhe earlier 
work was presented in ferms of salinify and chlorin- 
ify, fhe fwo unifs are related, by definition, according 
fo fhe following equafion: 

S(%o) = 1.80655 Cl (%o) (3.9) 

3.2.5 Dissolved Gases and 
Atmosphere-Water Exchange 

Dissolved gases are critically imporfanf in many of 
fhe biogeochemical cycles of esfuaries and coasfal 
wafers (Bianchi, 2007). However, only recenfly 
have large-scale collaborative efforfs addressed fhe 
imporfance of air-water exchange in estuaries. For 
example, the Biogas Transfer in Esfuaries (BIOGEST) 
projecf, which began in 1996, was focused on 
defermining fhe disfribufion of biogases (CO 2 , CH 4 , 
carbon monoxide (CO), nonmefhane hydrocarbons, 
N 2 O, dimefhylsulfide [DMS], carbonyl sulfide (COS), 
volatile halogenafed organic compounds, and some 
biogenic volafile mefals) in European esfuaries and 
fheir impacf on global budgefs (Erankignoulle and 
Middelburg, 2002). The role of esfuaries and ofher 
coasfal ocean environmenfs as global sources and/or 
sinks of key greenhouse gases, such as CO 2 , has 
also been a subjecf of infense inferesf in recenf years 
(Raymond ef al., 1997, 2000; Cai, 2003; Wang and 
Cai, 2004). Similarly, O 2 fransfer across fhe air- wafer 
inferface is critical for fhe survival of mosf aquafic 



Source: Modified from Miiiero (1996). 
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organisms. Unfortunately, many estuaries around 
the world are currently undergoing eutrophication, 
which commonly results in low O 2 concentrations (or 
hypoxic — <2 mg/1), due to microbial respiration of 
organic matter produced by phytoplankton respond- 
ing to excessive nutrient loading in these systems 
(Rabalais and Turner, 2001 ; Rabalais and Nixon, 2002) . 

To understand how gases are transferred across 
the air-water boundary, the dominant atmospheric 
gases and physical parameters that control their trans- 
port and solubility in natural waters are first exam- 
ined. The atmosphere is also composed of aerosols, 
which are defined as condensed phases of solid or 
liquid particles, suspended in state, that have sta- 
bility to gravitational separation over a period of 
observation (Charlson, 2000). Chemical composition 
and speciation in atmospheric aerosols is important 
to understand their behavior after deposition and is 
strongly linked with the dominant sources of aerosols 
(e.g., windblown dust, sea salt, and combustion). 
The importance of aerosol deposition on estuaries 
and coastal waters, via precipitation (rain and snow) 
and/or dry particle deposition, has received consid- 
erable attention in recent years. For example, dry and 
wet deposition of nutrients (Paerl et al., 2002; Pollman 
et al., 2002) and metal contaminants (Siefert et al., 
1998; Guentzel et al., 2001) has proven to be significant 
in biogeochemical budgets in wetlands and estuaries. 

The direction in exchange of gases across the 
air-water interface will change accordingly as atmo- 
spheric and aqueous concentrations of respective 
gases change over time. When rates of exchange 
for a particular gas are equal across the air-water 
interface, the gas is considered to be in equilibrium; 
this is when the concentration of the gas in both 
aqueous {P ^ and gas phases (Pj) are equal. The equi- 
librium concentration of a gas in the aqueous phase is 
directly proportional to the pressure of that gas — this 
is referred to as Henry's law of equilibrium distribution, 
as defined by the following equation: 

Pa = (3.10) 

where Xh is Henry's law constant and Pa, the con- 
centration of gas in the aqueous phase (expressed as 
mol /kg). 

The solubility of gases is influenced by their 
molecular weight. In general, the heavier the 
molecule, the greater is its solubility, excluding 
cases where there are molecules that interact more 
strongly with water. Over a range of temperatures, 
the solubilities of N 2 , O 2 , Ar, Ne, and He in seawater 
at salinity 35, 1 atm, and 100% humidity are seen 
(Table 3.2). It becomes apparent that many of the 
changes observed in the solubility of these gases 



might occur over different seasons, particularly with 
N 2 and O 2 . These normal atmospheric equilibrium 
concentrations (NAECs) are based on expected equi- 
librium conditions, between water and atmosphere, 
at a particular pressure, temperature, salinity, and 
humidity. However, there are many physical and 
biological factors that cause many gases to behave 
in a nonconservative marmer resulting in deviations 
from predicted NAEC. Eor example, phytoplankton 
can rapidly alter O 2 concentrations via photos 5 m- 
thetic production of O 2 . Similarly, bacteria can 
alter N 2 concentrations through denitrification and 
N 2 fixation processes, as well as CO 2 production 
from decomposition. Gas concentrations can also 
be altered by nonbiological processes such as Rn 
production via radioactive decay. 

In situations where equilibrium conditions are 
not applicable, rates of gas exchange across the 
atmosphere -water boundary can be calculated using 
kinetic models (Broecker and Peng, 1974; Kester, 
1975). The most common kinetic model used is the 
stagnant film model (Eig. 3.5). This model essentially 
has the following three regions of importance: (i) a 
well-mixed turbulent atmospheric zone, (ii) a well-mixed 
thin-film liquid zone, and (iii) a laminar zone separating 
the two turbulent regions. In the model, the thin film 
is considered permanent with a thickness defined as 
z. The average thickness of this film for the ocean 
has been estimated to be 17 pm (Murray, 2000), 
using isotope measurements (Broecker and Peng, 
1974; Peng et al., 1979). There are uniform partial 
pressures of all gases in the turbulent zones, while 
liquid motion in the laminar zone flows parallel 
to the atmosphere-water interface. Movement of 
gases through the laminar zone is assumed to 
occur by molecular diffusion processes — this is the 
rate limiting step. It should also be noted that the 
stagnant film model is only for soluble and slightly 
soluble gases. Eor nonsoluble gases, the exchange 
of gases between the atmosphere-water interface is 
governed by their transport through the atmospheric 
boundary — making the dynamics very different. 

By combining Henry's law (described earlier) 
with Pick's first law described by the following 
equation: 



df ‘ dz 



(3.11) 



where Cj is the concentration of species I, t, the time, 
Dj, the diffusion coefficient, and dQ/dz, the concen- 
tration gradient between the top and bottom of the 
thin film as represented by a vertical depth of z. The 
following equation can be used to describe the rate 
of gas flux through the atmosphere -water interface 
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TABLE 3.2 Solubilities of nitrogen, oxygen, argon, neon, and helium in seawater at a salinity of 35 




Source: From Kester (1975). 




FIGURE 3.5 The most common kinetic model used to esti- 
mate rates of gas exchange across the atmosphere -water 
boundary is the stagnant film model. This model essentially 
has the following three regions of importance: (i) a well- 
mixed turbulent atmospheric zone (Pg), (ii) a well-mixed 
thin-film liquid zone (Pg), and (iii) a laminar zone (a and 
b) separating the two turbulent regions. The thin film is 
considered permanent with a thickness defined as z. Source: 
From Broecker and Peng (1974). 

during disequilibrium: 

^ = (^) “ ^’A(soln)] (3.12) 

where A is the interfacial area and Henry's law 
constant. 

Implicit in this model is the assumption that 
molecular diffusivity and Henry's law constant are 
directly and inversely proportional, respectively, to 
the gas flux across the atmosphere-water interface. 
Molecular diffusion coefficients t 5 rpically range from 
1 X 10^^ to 4 X 10^^ cm^/s and t5rpically increase with 
temperature and decreasing molecular weight. Other 
factors such as thickness of the thin layer and wind 
also have important effects on gas flux. For example. 



wind creates shear that results in a decrease in the 
thickness of the thin layer. The sea surface microlayer 
consists of films 50-100 |xm in thickness (Libes, 1992). 



3.3 INTERFACES BETWEEN 
WATER AND SEDIMENT 
GEOCHEMISTRY 



3.3.1 Estuarine Turbidity Maximum, 
Benthic Boundary Layer, and Fluid Muds 

The estuarine turbidity maximum (ETM) is defined as a 
region where the suspended particulate matter (SPM) 
concentrations are considerably higher (10-100 times) 
than adjacent river or coastal end-members in estu- 
aries (Schubel, 1968; Dyer, 1986). Some of the most 
extensive early work on the ETM, conducted in Chesa- 
peake Bay, suggested that the primary mechanisms 
of particle trapping in ETMs were due to simple 
convergence at the limit of salt intrusion, in addi- 
tion to slow particle settling (Schubel, 1968; Schubel 
and Biggs, 1969; Schubel and Kana, 1972; Nichols, 
1974). A conceptual diagram illustrates that while 
the ETM roughly tracks the limit of salt, it is often 
decoupled from the salt front (defined here as the iso- 
haline with a salinity of 1) due to a lag between ETM 
sediment resuspension / transport and rapid meteoro- 
logically driven movement of the salt front (Eig. 3.6; 
Sanford et al., 2001). Recent studies focused on sedi- 
ment transport d 5 mamics in the ETM have t 5 q)ically 
used acoustic Doppler profiles of velocity, acous- 
tic backscatter, and optical backscatterrance sensors 
(Eain et al., 2001), in addition to remote sensing tools 
such as the sea-viewing wide field-of-view sensor 
(Uncles et al., 2001). Owing to rapid and high sed- 
imentation rates in the ETM, the accumulation of 
particles in the benthic boundary layer (BBL) can result 
in the formation of mobile and fluid muds. The BBL is 
defined by Boudreau and Jorgensen (2001) as "those 
portions of sediment and water columns that are 
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(a) Full ebb tide 




(b) Slack before flood 




(c) Full flood tide 




(d) Slack before ebb 




(e) Flood fide + seaward wind 




FIGURE 3.6 A conceptual diagram showing that while the 
ETM roughly tracks the limit of salt, it was often decou- 
pled from the salt front (defined here at the isohaline with 
a salinity of 1), due to a lag of ETM sediment resuspen- 
sion/transport from rapid meteorologically driven move- 
ment of the salt front. Source: Erom Sanford ef al. (2001) 
with permission. 

affected directly in the distribution of their properties 
and processes by the presence of the sediment-water 
interface." 

3.3.2 Early Diagenesis 

Most modem estuarine systems have been filling 
with sediments since their formation about 5000-6000 



years B.P. (Bianchi, 2007); this invokes long-term 
accumulation and storage of organic matter in these 
systems. The fate of SOM depends on the amount 
of early diagenesis that occurs in the upper sedi- 
ments, which is largely controlled by the "quality" of 
organic detrital inputs (discussed above) and redox 
conditions of the sedimentary environment. Leeder 
(1982) defined diagenesis as "the many chemical and 
physical processes which act on sediment grains in 
the subsurface," which is further distinguished from 
halmyrolysis, defined as "a more restricted aspect of 
chemical changes operative at the sediment-water 
interface." Berner (1980) defined early diagenesis "as 
the changes occurring during burial to a few hun- 
dred meters where elevated temperatures are not 
encountered and uplift above sea level does not 
occur." This is the stage where key microbial and 
chemical transformations occur at low temperatures 
in recently deposited sediments, which has major 
effects on biogeochemical cycling in near-shore and 
estuarine environments. 

Early diagenesis is typically described as a steady- 
state phenomenon; however, unless very long-term geo- 
logical timescales are considered, steady-state condi- 
tions are generally not common in shallow turbid 
environments such as estuaries. There are many 
factors that contribute to these non-steady-state con- 
ditions, such as variations in sedimentation rate, 
inputs of organic matter, chemistry of bottom waters 
and sediments, bioturbation rates, and resuspension 
(Lasagna and Holland, 1976). Consequently, numer- 
ous attempts have been made to examine non-steady- 
state diagenesis over shorter time periods in estuarine 
systems (Mortimer et al., 1998; Deflandre et al., 2002). 

As a result of particle settlement to the sediment- 
water interface, there is a mass accumulation of 
sediments, which results in compaction of sediments 
and the physical upward transport or advection of 
solutes in porewaters to the overlying water. Simi- 
larly, solutes in porewaters can also move by dijfusion 
as a result of concentration gradients. Thus, pore- 
waters can be transported by advection from burials, 
molecular diffusion, and biological pumping or irri- 
gation (Aller, 2001; Jorgensen and Boudreau, 2001). 
Diffusion in aqueous environments occurs according 
to Pick's laws of dijfusion (Berner, 1980). 

Pick's first law, used for steady- and non-steady- 
state conditions, is as follows: 




where /j is the diffusional flux of component i in mass 
per unit area per time; Di, the diffusion coefficient 
of i in area per unit time; C,, the concentration of 
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component i in mass per unit time; x, the direction of 
maximum concentration gradient; and the negative 
sign, the flux in fhe opposife direcfion of fhe gradienf. 
Pick's second law, used for sfeady- and non-sfeady- 
sfafe condifions, is as follows: 



(5c, • Di{S^Ci) 

St Sx 



(3.14) 



To apply Pick's laws fo solufe fluxes in sedimenfs, 
adjusfmenfs have fo be made fo fhese equations fo 
accounf for fhe negafive inferference effecfs fhaf sedi- 
menf particles have on fhe diffusion of solufes in pore 
wafers (Lerman, 1979; Berner, 1980). 

After making these adjustments for diffusion in 
sedimenfs, fhe mass balance and vertical concenfra- 
fion patterns of nonconservafive solufes in safurafed 
sedimenfs can be described by fhe following one- 
dimensional advective-diffusive general diagenefic 
equation (GDE; Berner, 1980; Aller, 2001; Jorgensen 
and Boudreau, 2001): 



S^)C 

~ir 




(5MpC 

Sx 






(3.15) 



where C is the concentration of solufe, f, fhe time, 
Dg, fhe whole sedimenf diffusion coefficienf of solufe 
C, X, fhe sedimenf depfh relafive fo surface (x = 0), 
ciOp, fhe pore wafer advecfion velocify relafive fo fhe 
sediment -wafer interface, and Ei^,, fhe sum of all 
reactions affecting solufe C. These f 5 qtes of diagenefic 
models have been commonly used fo describe fhe dis- 
fribufion of redox-sensifive mefals (e.g., Mn and Fe) 
because of fheir close association wifh fhe mineral- 
izafion of organic maffer in sedimenfs (Burdige, 1993; 
Jorgensen and Boudreau, 2001). In particular, a num- 
ber of sfeady-sfafe models have been used fo describe 
fhe diagenesis of Mn and Fe (more defails on fhis 
lafer in chapfer) in sedimenfs (Aller, 1990; Boudreau, 
1996; Ovemell, 2002). In a recenf sfudy on sedimenfs 
in the Loch Etive estuary (Scotland), diagenetic pro- 
cesses based on reactive Mn and Ee oxides as electron 
acceptors were compared using the diagenetic mod- 
els of van Cappellen and Wang (1996) and Slomp ef al. 
(1997). If was concluded fhaf fhere was bofh consider- 
able agreemenf and disagreemenf in fhe modeled sed- 
imenf profiles of Mn and Ee and fhaf fhe applicafion 
of multiple diagenefic models is sfrongly encouraged 
for comparison (Overnall, 2002). When examining 
biological mixing as a one-dimensional diffusive pro- 
cess, biofurbation and biodiffusion coefficienfs are 
used in the GDE similar to standard Eickian diffu- 
sivity (Wheatcroft et al., 1991). The justification for 
using a biodiffusion coefficienf (Dg) is because if is 
assumed fhaf all biological mixing acfivifies are infe- 
grafed over fime — fhereby making if a diffusion-like 



process. Esfimafes of Dg can be made using a regres- 
sion of down-core disfribufion of radionuclides. 



3.4 BIOGEOCHEMISTRY 
OF ORGANIC MATTER 



3.4.1 Particulate and Dissolved Organic 
Matter in Estuaries 

The phofos 5 mfhefic fixafion of inorganic carbon and 
nufrienfs info planf biomass is fhe primary source of 
organic maffer wifhrn esfuaries (Bauer and Bianchi, ; 
Bianchi and Bauer, ). Therefore, if is crifical fo have 
some basic undersfanding abouf fhe primary pro- 
ducer communify in esfuaries (e.g., phyfoplankfon, 
benfhic macroalgae, microphyfobenfhos, seagrasses, 
and wefland planfs), in addition to the habitats and 
conditional constraints needed for growfh (Chapfers 
5-8). Inpufs of dissolved organic maffer (DOM), 
parficulafe organic maffer (POM), and nufrienfs fo 
esfuaries can occur from bofh coasfal ocean and river- 
ine end-members, which support both autotrophic 
and heterotrophic production in different estuarine 
regions. 

Estuarine DOM comprises a diverse array of 
allochfhonous and autochthonous sources (see 
reviews by Gauwet, 2002; Eindlay and Sinasbaugh, 
2003; Bauer and Bianchi, ). These major sources 
primarily comprise riverine inputs, autochthonous 
production from algal and vascular plant sources, 
benthic fluxes, groundwater inpufs, and exchange 
wifh adjacenf coasfal sysfems (Eig. 3.7). In coasfal 
and open ocean wafers, DOM is generally positively 
correlafed wifh phyfoplankton biomass (Hansell 
and Carlson, 2002; Sanfschi ef al., 1995). If has been 
esfimafed fhaf phyfoplankfons release approximately 
12% of fofal primary producfion as dissolved organics 
over a range of freshwater fo marine environmenfs 
(Baines and Pace, 1991). However, wafer column 
DOM in many esfuarine sysfems does nof show 
posifive correlations wifh phyfoplankfon biomass 
because of allochfhonous inpufs from soils and 
vascular planfs fhaf are hydrologically coupled fo 
fhese wefland sysfems (Argyrou ef al., 1997; Harvey 
and Marmino, 2001; Jaffe ef al., 2004). 

Pasf work has shown fhat DOM from 
river /esfuarine sysfems is primarily derived 
from ferresfrial vegefafion and soils (Malcolm, 1990; 
Opsahl and Bermer, 1997). In facf, some of fhe highesf 
DOM esfuaries in fhe US border fhe Gulf of Mexico 
(Guo ef al., 1999; Engelhaupf and Bianchi, 2001), a 
region fhaf also has some of fhe highesf rafes of fresh 
lifter decomposifion in soils (Meenfemeyer, 1978). 
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FIGURE 3.7 Major sources of dissolved organic matter (DOM) to estuaries, primarily comprise riverine inputs, autochthonous 
production from algal and vascular plant sources, benthic fluxes, groundwater inputs, and exchange with adjacent coastal 
systems. Source: Modified from Hansell and Carlson (2002). 

Riverine /estuarine DOM is generally considered 
to be recalcitrant and transported conservatively to 
the ocean (Moore et al., 1979; van Heemst et al., 2000). 

However, spatial variability in the abundance of phy- 
toplankton exudates (Aminot et al., 1990; Fukushima 
et al., 2001), uptake of DOM by bacferia (Zweifel, 1999; 

Pakulski ef al., 2000), chemical removal processes 
{e.g., flocculation, deflocculation, adsorption, aggregation, 
and precipitation; Sholkovifz, 1976; Sholkovifz ef al., 

1978; Lisifzin, 1995), inpufs from porewafers during 
resuspension evenfs (Burdige and Homsfead, 1994; 

Middelburg ef al., 1997), and atmospheric inputs 
(Velinsky et al., 1986) can all contribute to nonconser- 
vative behavior in estuaries. 

It is well known that DOM exists in different 
size fractions in aquatic systems (Sharp, 1973) and 
that a large portion estuarine DOM is composed 
of colloidal organic matfer (Filella and Buffle, 1993; 

Guo and Sanfschi, 1997; Cauwef, 2002; Bianchi, 2007). 

The characferizafion of different size classes of DOM 
is esfablished by physical separation fhrough fil- 
lers / membranes of differing pore sizes; fhus, colloids 



are an operationally defined fraction of fhe fofal DOM 
infhe size range of 0.001-1 pm (Void and Void, 1983). 
Unfortunafely, using size as fhe primary criteria for 
characferizing colloids can be very misleading when 
considering fhe biochemical differences associafed 
wifh fhese differenf size fracfions and fheir reacfivify 
wifh confaminanfs (Gusfafsson and Gschwend, 1997; 
Bermer, 2002). 

Anofher ferm commonly used in association 
wifh DOM is humic substances; humic subsfances 
are f 5 rpically defined as complex assemblages of 
molecules fhat have a yellow-fo-brown color and 
are derived from planfs and soils (Hafcher ef al., 
2001). Humic subsfances represenf a large fraction 
of whaf is fermed chromophoric dissolved organic 
matter (CDOM) in aquatic sysfems around fhe world 
(Blough and Green, 1995). Aquatic humic subsfances 
can furfher be cafegorized as fulvic acids, humic acids, 
and humin based on fhe solubilify in acid and base 
solutions (Schnifzer and Khan, 1972; McKnighf and 
Aiken, 1998). More specifically, humic acids f 5 rpically 
have a molecular weigh! of greafer fhan 100,000 Da 
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and are soluble above a pH of 2: fulvic acids that 
are smaller molecules (~500 Da) are soluble at any 
pH, and humin is not soluble across a full pH range 
(McKnight and Aiken, 1998). 

Sediments may also represent an important 
source of DOM to the water column of shallow 
estuarine systems (Burdige, 2006, Bianchi, 2007). The 
accumulation of DOM in porewaters results from 
the diagenesis of sedimentary organic carbon into a 
complex mixture of macromolecules (e.g., humic sub- 
stances) and smaller monomeric forms (e.g., amino 
acids; Orem et al., 1986; Burdige, 2002, 2006). The flux 
of porewater DOM across the sediment -water inter- 
face represents an important source to the total DOM 
pool in estuaries (Alperin et al., 1992; Argyrou et al., 
1997; Middelburg et al., 1997; Burdige, 2001, 2002). It 
has been suggested that benthic fluxes are a significant 
source to coastal and estuarine systems (0.9 x 10^^ g 
C/year) and may represent about the same mag- 
nitude as riverine inputs of DOC to the ocean 
(2-2.3 X 10^^ C/year; Burdige et al., 1992; Burdige 
and Homstead, 1994). The role of porewater DOM 
that gets entrained in the benthic nepheoloid layer, from 
resuspension events of estuarine and shelf sediments, 
may also be important in affecting the composition 
and age of DOM in shelf and deeper slope waters (Guo 
and Santschi, 2000; Mitra et al., 2000). Similarly, pore- 
waters contribute to the protein or amino acid-like flu- 
orescence signature of the water column; maximum 
concentrations of these signals have been observed 
at the sediment -water interface (Coble, 1996). 

3.4.2 Decomposition of Organic Detritus 

Organic detritus has long been recognized for its 
importance as a food resource and its influence on 
overall biogeochemical cycling in coastal systems 
(Tenore et al., 1982; Rice, 1982; Marm and Lazier, 
1991). Major contributors of organic detritus in estuar- 
ine systems are decaying plant materials and animal 
fecal pellets. Vascular plant detritus is particularly 
important in many estuarine systems (Chapters 5-7); 
this refractory material typically requires the activity 
of microbial communities to convert lignocellulosic 
polymers into more labile available food resources for 
higher consumers (Moran and Hodson, 1989a,b). The 
decay of aquatic organic detritus is generally divided 
into (i) leaching, (ii) decomposition, and (iii) refractory 
phases (Odum et al., 1973; Rice and Tenore, 1981; 
Webster and Benfield, 1986). 

In the leaching phase, soluble compounds are 
rapidly lost from fresh detritus over a scale of minutes 
to weeks (Fig. 3.8; Wilson et al., 1986). In the case of the 
marsh plant Spartina alterniflora, as much as 20-60% 
of the original material can be lost during this phase 
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FIGURE 3.8 Percent organic matter remaining during a 
23-month decay experiment with S. alterniflora detritus. 
Source: Modified from Wilson et al. (1986). 



(Wilson et al., 1986). These soluble DOM compounds 
released from detrital particles are rapidly used by 
bacteria in the surrounding water column (Aneiso 
et al., 2003). Much of this leached material likely com- 
prise short-chain carbohydrates, proteins, and fatty 
acids (Dunstan et al., 1992; Harvey et al., 1995). There 
has also been considerable debate about the rate of 
decay of these labile leached substrates in oxic versus 
anoxic conditions, with some studies showing faster 
decay under oxic conditions (Bianchi et al., 1991; Sun 
et al., 1993; Harvey et al., 1995) and others showing 
no effects of redox (Henrichs and Reeburgh, 1987; 
Andersen, 1996). 

The decomposition phase involves the heterotrophic 
breakdown of detritus by microbes and metazoans 
(e.g., detritivores and deposit- feeders). Nitrogenous 
compounds of micro- and macroalgae are more 
likely to contribute to the nutrition of detritivores 
than those of vascular plants (Findlay and Tenore, 
1982). As microorganisms colonize detritus during 
this phase, there is a relative increase in the nitrogen 
content of the "aging" detritus (Darnell, 1967; Tenore 
et al., 1982; Rice and Hanson, 1984). Earlier studies 
proposed that most of the nitrogen could be equated 
with "protein enrichment" from microbes (Newell, 
1965; Odum et al., 1973). However, further work 
showed that the presence of nonprotein nitrogen in 
plant detritus (Suberkropp et al., 1976) and enrich- 
ment from complexation (physical and chemical) in 
humic geopolymers (Hobbie and Lee, 1980; Rice, 1982; 
Rice and Hanson, 1984) suggested that protein-N was 
not the only source. Adsorption of NHj by detritus 
may have also added to the total N (Mackin and 
Aller, 1984). The attached bacteria are considered to 
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be more active than the surrounding free bacteria 
(Griffith et al., 1994) and are critical in the breakdown 
of refractory compounds. 

Vascular planfs confain more ligneous and 
phenolic compounds, which can also reduce resource 
availabilify fo consumers (Valiela ef al., 1979; Rice 
and Tenure, 1981; Bianchi, 2007). Secondary plant com- 
pounds such as phenols, alkaloids, farmins, organic 
acids, saponins, ferpenes, steroids, essenfial oils, 
and glycosides can defer herbivory and defrifivory 
(Riefsma ef al., 1982). For example, fannins are phe- 
nolic compounds known fo inhibif microbial acfivify 
fhrough fhe precipifafion of enzyme proteins (Janzen, 
1974). Similarly, C 4 planfs (e.g., S. alterniflora, Spartina 
patens, and Distichlis spicata) produce cinnamic acids 
(e.g., ferulic and p-coumaric acids), which inhibif 
herbivory more effectively fhan comparable C 3 
marsh planfs (Juncus spp.; Haines and Monfague, 
1979; Valiela, 1995). The presence of fhese secondary 
compounds generally resulfs in slower decay rafes 
for vascular versus nonvascular planfs (Valiela 1995). 
The final refractory phase is characterized by defrifus 
composed of lignin and cellulose, which decay very 
slowly (Maccubbin and Hudson, 1980; Wilson ef al., 
1986). The source of defrifus will clearly affecf fhe 
fime period of refracfory decay. 

Berner (1980) firsf infroduced fhe following con- 
cepf of a "one-G" model for defermining firsf-order 
decay consfanfs (k) of organic maffer decomposition: 

G, = Goe-*^^ (3.16) 

where Gf is fhe mass of defrifus af fime t and Gq, 
fhe initial mass of defrifus. Alfhough fhis model 
appeared fo work well in calculating decay con- 
sfanfs for predominanfly labile sources of organic 
maffer such as macro- and microalgae, fhere were 
problems wifh more refracfory sources of defrifus 
such as Spartina (Rice and Hanson, 1984). To better 
describe fhe decay d 5 mamics of refracfory defrifus, 
which generally confain bofh labile and refracfory bio- 
chemical componenfs, fhe following "fwo-G" model 
was developed by Rice and Hanson (1984): 

G, = G* -6 Gjoe-*^!^ (3.17) 

where G* is fhe consfanf mass of refracfory material, 
defined by G* = G — G^, G is fhe fofal mass of fhe 
defrifus and Gj is fhe labile material, Gjq is fhe inifial 
mass of labile maferial, and is fhe decay consfanf 
of labile maferial. 

In a decomposition experimenf comparing decay 
dynamics of macroalgal (e.g., Gracilaria foliifera) and 
vascular plan! (e.g., S. alterniflora) defrifus, if was 
found fhaf fhe fwo-G model proved more precise 



in calculating decay consfanfs over shorter fime 
intervals (days) compared wifh fhe one-G model, 
which works relatively well over weeks fo monfhs 
(Rice and Hanson, 1984). Similarly, Wesfrich and 
Berner (1984) performed laboratory experimenfs 
fo show fhaf decomposifion of phyfodefrifus in 
sedimenfs can be separated info two decomposable 
fractions — wifh significanf differences in reacfivify 
and a highly refracfory (nonmefabolozable) fracfion. 
This work esfablished, for fhe firsf fime, fhaf organic 
maffer decomposifion in sedimenfs can be described 
by a mulfi-G model. 

3.4.3 Characterization of Organic Matter 
Using Biomarker Techniques 

In general, esfuarine organic maffer is derived 
from a mulfifude of nafural and anfhropogenic 
allochfhonous and aufochfhonous sources fhaf 
originate across a freshwater fo seawafer confinuum. 
Knowledge of sources, reacfivify, and fafe of organic 
maffer are crifical in undersfanding fhe role of esfu- 
arine and coasfal sysfems in global biogeochemical 
cycles (Hedges and Keil, 1995; Bianchi and Canuel, 
2001, 2011). Owing fo a wide diversify of organic 
maffer sources and fhe d 5 mamic mixing fhaf occurs in 
esfuarine sysfems, if remains a significanf challenge 
fo determine fhe relafive imporfance of fhese source 
inpufs fo biogeochemical cycling in fhe wafer column 
of sedimenfs. Temporal and spatial variabilify in 
organic maffer inpufs adds furfher fo fhe complexify 
in undersfanding fhese environmenfs. In recenf 
years, fhere have been significanf improvemenfs in 
our abilify fo distinguish between organic matter 
sources in estuaries using tools such as elemental, 
isotopic (bulk and compound /class specific), and 
chemical biomarker methods. 

3.4.3. 1 Bulk Organic Matter Techniques 

The abundance and ratios of important elements 
in biological cycles (e.g., C, H, N, O, S, and P) pro- 
vide the basic foundation of information on organic 
matter cycling. For example, concentrations of total 
organic carbon (TOG) provide the most important 
indicator of organic matter since approximately 50% 
of most organic matter comprises C. TOC in estu- 
aries is derived from a broad spectrum of sources 
with very different structural properties and decay 
rates (Bianchi, 2007; Bianchi and Bauer, ; Bianchi and 
Canuel, 2011). Consequently, while TOC measure- 
ments can provide essential information on spatial 
and temporal d 5 mamics of organic matter, it lacks 
any specificity to source or age of the material. 

When bulk C information is combined with 
additional elemental information, as in the case of the 
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C to N (C:N) ratio, basic source information can be 
inferred abouf algal and ferresfrial source maferials 
(see review by Meyers, 1997). The broad range 
of C:N ratios across divergenf sources of organic 
maffer in fhe biosphere demonsfrafe how such a 
rafio can provide an inifial proxy for defermining 
source information (Table 3.3). The basic reason 
for such differences in C:N ratios befween vascular 
planfs (>17) and microalgae (5-7) is simply due 
fo fhe carbohydrafe-rich (e.g., cellulose) /profein- 
poor and profein-rich/ carbohydrafe-poor nafure 
of each source, respectively. The mosf abundanf 
carbohydrafes supporting fhis high C confenf in 
vascular planfs are sfrucfural polysaccharides such 
as cellulose, hemicellulose, and pectin (Aspinall, 
1970). Recenf work esfimafed fhe relafive imporfance 
of ferresfrial versus marine sources in coasfal 
sedimenfs, using a simple mixing model based 
on C:N weigh! rafios of 6 for fhe marine (Muller, 
1977) and 13 for fhe ferresfrial (Parrish ef al., 1992) 
end-members of organic maffer (Colombo ef al., 
1996a, 1996b). However, C:N rafios can be very 
misleading in defermining organic maffer sources 
in fhe absence of addifional source proxies. In some 
cases, selective utilization of N, due fo N limifafion 
in a sysfem, can resulf in artificially high C:N rafios 
and misidenfificafion of source maferials. Finally, 
arfifacfs from fhe sfandard procedure of removing 
carbonafe carbon when measuring TOC can also 
alfer C:N rafios (Meyers, 2003). Specifically, affer 
removing carbonafe, a residual N made up of bofh 
inorganic and organic N remains — which is why fhe 
N used in C:N rafios is defined as fofal nifrogen. 
In mosf cases, fhe inorganic componenf of fhis 
residual N is relatively small in sedimenfary and 
wafer column sources of organic maffer. However, in 
sedimenfs having very low concenfrafions of organic 
maffer (e.g., <0.3%), fhe relafive imporfance of fhis 
residual inorganic N could be significanf, resulting 
in underesfimafes of C:N rafios (Meyers, 2003). More 
specifically, fhis resulfs from NH 4 ^ adsorpfion on 
low organic confenf sedimenfs. Forfunafely, mosf 
esfuarine sedimenfs are greafer fhan 1% organic 
maffer generally making fhis arfifacf relafively minor. 

3A.3.2 Isotopic Mixing Modeis 

End-member mixing models have been used fo 
evaluafe sources of dissolved inorganic nufrienfs (C, 
N, and S; Day ef al., 1989; Fry, 2002) and organic maffer 
(POM and DOM; Raymond and Bauer, 2001a,b; Gor- 
don and Coni, 2003; McCallisfer ef al., 2004; Bauer and 
Bianchi, ; Bianchi and Bauer, ) in esfuaries. However, 
due fo significanf overlap in sfable isofopic signafures, 
if has proven difficulf fo discern mulfiple sources of 



TABLE 3.3 Approximate carbon to nitrogen ratios 
in some terrestrial and marine producers^ 



C/N 



Terrestrial 


Leaves 


35-100 




Wood 


1000 


Marine vascular 


Zostera marina 


17-70 


plants 


Spartina 


24-45 




alterniflora 
Spartina patens 


37-41 


Marine 


Browns (Fucus, 


30 (16-68) 


macroalgae 


Laminaria) 






Greens 


10-60 




Reds 


20 


Microalgae and 


Diatoms 


6.5 


microbes 


Greens 


6 




Blue-greens 


6.3 




Peridineans 


11 




Bacteria 


5.7 




Fungi 


10 



^Data compiled in Fenchel and Jorgensen (1977), Alexander 
(1977), Fenchel and Blackburn (1979), and data of I. Valiela 
and J. M. Teal. 

Source: Modified from Valiela (1995). 



dissolved and particulate constituents, when using 
single and dual bulk isotopes in complex systems 
(Cloern ef al., 2002). More recently, new approaches 
using end-member mixing models that utilize multi- 
ple isotopic tracers coupled with chemical biomarker 
measurements have proven useful. The application of 
stable isotopes as tracers of organic matter sources in 
aquatic systems has been quite extensive (Lajtha and 
Michener, 1994; Michener and Schell, 1994). Many 
studies have also used end-member values from a 
combination of stable and radiocarbon isotopes and 
biomarkers (e.g., lignin phenols and lipids) to deter- 
mine carbon sources in coastal systems (e.g., Gohi 
ef al., 1998; Raymond and Bauer, 2001a,b; McCal- 
lister ef al., 2004). The range of isotopic and 
i5^^N, respectively, values for organic matter sources 
in a number of estuaries are as follows: terrigenous 
(vascular plant), —26 to —30 and —2 to -|-2 (Fry and 
Sherr, 1984; Deegan and Garritt, 1997); terrigenous 
soils (surface) /forest litter, —23 to —27 and 2.6 to 6.4 
(Cloern ef al., 2002; Richter ef al., 1999); freshwater 
phytoplankton, —24 to —30 and 5 to 8 (Sigleo and 
Macko, 1985); marine/estuarine phytoplankton, —18 
to —24 and 6 to 9 (Fry and Sherr, 1984; Currin ef al., 
1995); C-4 salt marsh plants, —12 to —14 and 3 to 
7 (Fry and Sherr, 1984; Currin ef al., 1995); benthic 
microalgae, —12 to —18 and 0 to 5 (Currin ef al., 
1995); C-3 freshwater /brackish marsh plants, —23 to 
—26 and 3.5 to 5.5 (Fry and Sherr, 1984). Many of 
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FIGURE 3.9 Pathways of the sum of all biochemical pro- 
cesses is called metabolism. It is differentiated as primary 
and secondary metabolism. Primary metabolism contains 
all pathways necessary to keep the cell alive, whereas in sec- 
ondary metabolism, compounds are produced and broken 
down that are essential for the entire organism. 



the early investigations were based on a two end- 
member mixing model (binary) in which the more 
depleted terrestrial end-member could be used 
along with the more enriched marine phytoplank- 
ton end-member to establish their relative abundance 
throughout the estuary. For example, the following 
binary equation could be used to determine percent 
terrestrial organic matter in an estuary: 



% OC-j-gj.!. — 



'^sample 






(5l3Cri, 



- 533c . ) 

riverme ^marine / 



(3.18) 



where is the isotopic composition of a sam- 
ple, the published isotopic value of marine 

phytoplankton (using the end-member listed above 
values), and i533Cjivgj.ine, the published isotopic values 
of riverine POM (using the end-member values listed 
above). 

Recent work compared the effectiveness of 
binary and three end-member models in determining 
the relative abundance of marine versus terrestrial 
sources off the Atchafalaya and Mississippi River 
estuaries (Gordon and Gobi, 2003; Bianchi et al., 
2011). The authors suggested that it was important 
to use a three end-member model that combines 
both biomarkers and stable isotopes for three organic 
carbon source end-members (soils and/or marsh, 
riverine, and marine). This separates the terrestrial 
end-member into two different sources, vascular 
plants and soils. 



3.4.33 Molecular Biomarkers 

Owing to the complexity of organic mat- 
ter sources in estuaries and the aforementioned 
problems associated with making only bulk measure- 
ments to constrain them, the application of chemical 
biomarkers has become widespread in estuarine 
research (Bianchi and Canuel, 2001; Bianchi, 2007; 
Bianchi and Canuel, 2011, and references therein). 
The term biomarker molecule was recently defined 
by Meyers (2003) as "compounds that characterize 
certain biotic sources and that retain their source 
information after burial in sediments, even after 
some alteration." This molecular information is 
more specific and sensitive than bulk elemental 
and isotopic techniques in characterizing sources of 
organic matter and further allows for identification 
of multiple sources (Meyers, 1997, 2003). 

The catabolic and anabolic pathways that are 
responsible for the formation of many of the 
biomarker compounds discussed in this chapter 
occur through an "intermediary" metabolism via 
glycolysis and the citric acid cycle (Voet and Voet, 2004). 
The bios 5 mthetic pathways of these compounds can 
be divided into primary and secondary metabolism 
(Fig. 3.9). Many of these compounds are not used as 
chemical biomarkers in estuarine research but are 
shown here to simply illustrate their relationship 
with the biomarkers discussed in this chapter. For 
more details on the bios 5 mthetic pathways illustrated 
here and applications in estuaries, please refer to the 
study by Voet and Voet (2004) and Bianchi (2007), 
respectively. 



3.5 MACRONUTRIENT CYCLING 

3.5.1 Sources of Nitrogen in Estuaries 

Elemental nitrogen (N 2 ) makes up 80% of the atmo- 
sphere (by volume) and represents the dominant 
form of atmospheric nitrogen gas. Despite its high 
atmospheric abundance, N 2 is generally nonreactive, 
owing to strong triple bonding between the N atoms, 
making much of this N 2 pool unavailable to organ- 
isms. In fact, only 2% of this N 2 pool is believed to 
be available to organisms at any given time (Gal- 
loway, 1998). Consequently, N 2 must be "fixed" into 
ionic forms such as NH43^ before it can be used 
by plants. Since N is essential for the S 5 mthesis of 
amino acids and proteins and because it is often in 
low concentrations, N is usually considered to be 
limiting to organisms in many ecosystems. Nitrogen 
has five valence electrons and can occur in a broad 
range of oxidation states that range from +Y to —III, 
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with N 03 ^ and NH 4 ^ being the most oxidized and 
reduced forms, respectively. Some of fhe mosf com- 
mon N compounds fhaf exisf in nafure, along wifh 
fheir boiling poinfs, AH^, and AG'^, are shown in 
Table 3.4 (Jaffe, 2000); fhese fhermod 5 mamic dafa can 
be used fo calculafe equilibrium concenf rations. 

Nifrogen cycling in esfuaries is in general affecfed 
by inpufs of N from surface and groundwafers, 
afmospheric wef and dry fallouf, as well as N 
recycling in bofh fhe wafer column and sedimenfs 
(Fig. 3.10; Paerl ef al., 2002). Dominanf inpufs of N 
fo esfuaries are linked wifh freshwafer inpufs from 
rivers (Nixon ef al., 1995, 1996; Bo 5 mfon and Kemp, 
2000; Seifzinger ef al., 2002a; Bouwman ef al., 2005). 
Many of fhese nifrogen inpufs have increased in 
rivers and esfuaries around fhe world as a direcf 
resulf of human expansion (Peierls ef al., 1991; 
Howarfh ef al., 1996; Bouwman ef al., 2005). Currenf 
inpufs of N fo Aflanfic and Gulf coasf US esfuaries 
are 2-20 times higher fhan in fhe preindusfrialized 
periods (Howarfh ef al., 1996, Goolsby, 2000). 

Nifrogen inpufs fo wafersheds, which resulf in 
DIN exporf fo coasfal sysfems, offen lead fo enhanced 
primary producfion, since many esfuaries are N lim- 
bed (Nixon, 1986, 1995; D'Elia ef al., 1992; Howarfh 
ef al., 2000). This can resulf in fhe formafion of 
harmful algal blooms as well as hypoxia and anoxic 
wafer columns (Bo 5 mfon ef al., 1995; Paerl, 1997; 
Richardson, 1997). Submarine groundwafer discharge 
(SGD) of N fo esfuaries is also imporfanf, particu- 
larly, alfhough nof exclusively, in sysfems dominafed 
by karsf geomorphology, and where surface/river 



inpufs are minimal. One such area is in norfhern 
Yucafan (Mexico), where concenfrafions of N 03 ^ and 
NH 4 ^ in SGD enfering local lagoons, range from 20 
fo 160 |xM and 0.1 fo 4 pM, respecfively (Herrera- 
Silveira, 1994). Seasonal pulsing of SGD, driven by 
precipifafion evenfs, has nof resulfed in any exfensive 
eufrophicafion in fhese lagoons (Pennock ef al., 1999). 

Dissolved organic nifrogen (DON) can represenf 
a significanf fracfion of fhe fofal dissolved nifrogen 
(TDN) in rivers and esfuaries, respecfively (Berman 
and Bronk, 2003). Sources of DON fo esfuaries may be 
derived from actively growing phyfoplankfon com- 
munities, where small molecules such as dissolved 
free amino acids (DFAAs) are released — which are 
highly available fo bacferia, buf represenf only a 
small percenf of fhe fofal DON (ca. <10%; Diaz 
and Raimbaulf, 2000; Bronk, 2002). DON fypically 
represenf s abouf 60-69% of fhe TDN in rivers and 
esfuaries (Berman and Bronk, 2003). The major com- 
ponenfs of DON include urea, dissolved combined 
amino acids, DFAA, profeins, nucleic acids, amino 
sugars, and humic subsfances (Berman and Bronk, 
2003). However, less fhan 20% of DON is chemically 
characferized. 

3.5.2 Transformations of Inorganic 
and Organic Nitrogen 

The major processes involved in fhe biogeochemi- 
cal cycling of N in esfuaries and fhe coasfal ocean 
are (i) biological N 2 fixation (BNF), (ii) ammonia 
assimilafion, (iii) nifrificafion, (iv) assimilafory N 03 ^ 
reduction, (v) ammonificafion or N-remineralizafion, 



TABLE 3.4 Chemical data on important nitrogen compounds in the environment 



Oxidation 

State 


Compound 


b.p. (°C) 




AGOff) 

(kJ/mol, 298 K) 


-t5 


N205(g) 


11 


115 


-t5 


-t5 


HNOjfg) 


83 


-135 


-75 


-t5 


Ca(N 03 ) 2 (s) 




-900 


-720 


-H5 


HN 03 (aq) 




-200 


-108 


+4 


N 02 (g) 


21 


33 


51 


+4 


N 2 O 4 




9 


98 


+3 


HN 02 (g) 




-80 


-46 


+3 


HN 02 (aq) 




-120 


-55 


+2 


NO(g) 


-152 


90 


87 


+ ^ 


N 20 (g) 


-89 


82 


104 


0 


N 2 (g) 


-196 


0 


0 


-3 


NH 3 (g) 


-33 


-46 


-16.5 


-3 


NH 4 (aq) 




-72 


-79 


-3 


NH 4 CKS) 




-201 


-203 


-3 


CH 3 NH 2 (g) 




-28 


28 


-3 


H 20 (g) 


100 


-242 


-229 



Source: Modified from Jaffe (2000). 
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FIGURE 3.10 Schematic of nitrogen sources and cycling in estuaries. These sources include a diverse group of diffuse point 
and nonpoint agricultural, urban, and rural sources (e.g., wastewater, industrial discharges, stormwater, and overflow 
discharges) across a broad spectrum of watersheds (e.g., urban, agricultural, and upland and lowland forests. Source: 
Modified from Paerl ef al. (2002). 



(vi) ammonium oxidation, (vii) denitrification and 
dissimilatory N 03 ~ reduction to NH 4 +, and (viii) 
assimilation of DON (Fig. 3.11; Libes, 1992). These 
processes are essentially driven by bacteria, as dis- 
cussed in the following section, and are in some cases 
energy producing, or may occur in symbiosis with 
another organism. These heterotrophic processes can 
result in both additions (e.g., N 2 fixation) and losses 
of N (e.g., denitrification) within estuaries. 

BNF is a process performed by prokaryotic (both 
heterotrophic and phototrophic) organisms (some- 
times occurring symbiotically with other organisms) 
resulting in the enzyme-catalyzed reduction of N 2 



to NH 3 or NH 4 ^ or organic nitrogen compounds 
(Jaffe, 2000). Organisms that fix N 2 are also called dia- 
zotrophs. The high activation energy required to break 
the triple bond makes BNF an energetically expen- 
sive process for organisms — thereby restricting BNF 
to select groups of organisms. BNF is an important 
process in aquatic systems (Flowarth et al., 1988a,b). 

Ammonia assimilation is where NFI 3 or NFI 4 + is 
taken up and incorporated into organisms as organic 
nitrogen molecules (Jaffe, 2000), as shown below for 
NH 4 +: 

NH+ ^ N(NH 3 )-organic (3.19) 




FIGURE 3.11 Major processes involved in the biogeochemical cycling of N in esfuaries and the coastal ocean: (i) biological 
N 2 -fixation (BNF), (ii) ammonia assimilation, (iii) nitrification, (iv) assimilatory N 03 ~ reduction, (v) ammonification or N- 
remineralization, (vi) ammonium oxidation (speculative at this time), (vii) denitrification and dissimilatory N 03 ~ reduction 
to NH 4 '*', and (viii) assimilation of dissolved organic nitrogen (DON). Source: Modified from Libes (1992). 
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The ability to take up these reduced forms of N is 
a disfincf energetic advanfage for organisms because 
if is a direcf means of getting a reduced form of 
N, unlike fhe upfake of N03^, which requires fhe 
exfra sfep of N03^ reducfion. However, some phyfo- 
plankfon prefer N03^ over NH4+ as an N source. In 
esfuaries, NH4+ is generally fhe mosf dominanf form 
of DIN in sedimenfs; however, some pools of NH4+ 
are unavailable for upfake because fhey are bound 
wifhin fhe infernal mafrix of minerals (Rosenfield, 
1979; Krom and Berner, 1980). 

Nitrification is where NH3 or NH4+ is oxidized 
fo N02^ or N03^ fhrough fhe following fwo energy- 
producing reacfions (Delwich, 1981): 

NH+ -h 3/2(02) ^ NO2 H2O- 

-h 2H+, AG° = -290 kj/mol (3.20) 

NO2 -h 1/2(02) ^ NO3 , AG'^ = -89 kJ/mol 

(3.21) 

Equation 3.20 involves fhe oxidation of NH4+ fo NO2 
and is primarily performed by bacferia of fhe genus 
Nitrosomonas (some species of fhe genus Nitrocystis 
sp. are also capable; Day ef al., 1989), and Equation 
3.21 is fhe continued oxidation of NO2 fo N03^, 
performed by bacferia of fhe genus Nitrobacter spp. 
During fhis process of NH4+ oxidafion, fhese bacferia 
use CO2 as fheir source of C fo be fixed info organic 
compounds. Hence, fhese bacferia are considered fo 
be chemoautotrophs because fhey gain fheir energy by 
chemical oxidafion and are aufofrophs because fhey 
do nof rely on exfernal sources of organic matter. 
Einally, nifrificafion requires O2, fhus fhe acfivify of 
fhese nifrifying bacferia require in sedimenfs is par- 
ticularly sensitive fo fhe absence of dissolved oxygen 
(Kemp ef al., 1982, 1990). 

Assimilatory reduction to involves fhe 

simulfaneous reducfion of N03^ and upfake of N by 
fhe organism info biomass, as shown below: 

NO3 +H+ ^ NHj-organic (3.22) 

This pafhway is parficularly dominanf when reduced 
forms of N are low, such as oxic wafer columns in 
esfuaries. This represenfs an imporfanf pafhway for 
fhe upfake of N by esfuarine organisms capable of 
upfake of bofh reduced and oxidized forms of N. 

Ammonification is fhe process where NH3 or NH4+ 
is produced during fhe breakdown of organic nifro- 
gen by organisms (also called N-remineralimtion). In 
fhe case of fhe mosf dominanf nifrogen-confaining 
organic compounds, profeins, pepfide linkages are 
broken down followed by deamination of amino acids 
fo produce NH3 or NH4+. Ammonification is fhe 
conversion of DON fo ammonium (DON ^ NH4+). 



This process occurs fhrough fhe decay of planfs and 
animals mediafed by heferofrophic bacferia (Nowicki 
and Nixon, 1985) or fhrough excretion from animals 
(Bianchi and Rice, 1988; Gardner ef al., 1993). 

Ammonium oxidation (anammox), which involves 
fhe anaerobic NH4+ oxidafion wifh N03^, may be 
anofher mechanism, whereby N is losf from esfuar- 
ine /coasfal sysfems. This process has been shown 
fo represenf from 20% fo 67% of N2 producfion in 
femperafe confinenfal shelf sedimenfs (Thamdrup 
and Dalsgaard, 2002); however, only limifed knowl- 
edge currenfly exisfs on fhe pafhways of anammox 
in nafural sysfems. If does appear fhaf fhe opfi- 
mal conditions for anammox are differenf fhan for 
denifrificafion (Rysgaard and Glud, 2004). Esfuarine 
sedimenfs are sifes of infense organic maffer rem- 
ineralizafion, which can yield high concenfrafions of 
N03~ and NH4^ (Blackburn and Henriksen, 1983; 
Nowicki and Nixon, 1985) — fhe required subsfrafes 
for anammox. Ofher processes, such as Mn(II) oxida- 
fion by N03^ or Mn(IV) reducfion by NH4^ (Lufher 
ef al., 1997), can also resulf in fhe evolution of N2 in 
suboxic sedimenfs. Thus, anammox is likely fo occur 
in many esfuarine sysfems. 

Denitrification, also known as dissimilatory N03^ 
or N02^ reducfion, is fhe reducfion of N03^ or N02^ 
fo any gaseous form of N such as NO, N2O, and N2 
by microorganisms, as in fhe case of N2 producfion 
shown below: 

GH2O -6 NO3 4- 2H+ ^ CO2 -6 I/2N2 -6 2H2O 

(3.23) 

The denifrificafion pafhway involves fhe produc- 
fion of infermediafes such as N02^, NO, and N2O. 
Numerous mefhods on how fo measure denifrifica- 
fion have been developed in recenf years ranging 
from acefylene inhibifion (Sorensen, 1978), labeled 
N fracers (Nishio ef al., 1982; Rysgaard ef al., 1993), 
direcf N2 flux measuremenfs (Seifzinger ef al., 1980; 
Nowicki, 1994), wafer column and sedimenf changes 
in N2 (Devol, 1991), fo core and chamber incubafion 
wifh N isotopes (Nielsen, 1992) — more defails on 
comparisons of fhese mefhods are provided in LaM- 
onfagne and Valiela (1995). Denifrificafion represenfs 
fhe major pafhway from which N is losf from esfuar- 
ies and has been shown fo be proporfional fo fhe log 
mean wafer residence fime (r^ = 0.75), across a range 
of rivers and esfuaries, suggesfs fhaf wifh increasing 
residence fime, N will be recycled in fhe wafer column 
and sedimenfs more extensively resulting in greater 
denifrificafion (Nixon ef al., 1996; Eig. 3.12). 

In general, N03^ reducfion produced N2, which 
reduces fhe fofal availabilify of N in a sysfem 
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FIGURE 3.12 Fraction (%) of total N input from land and 
atmosphere that is denitrified in different estuaries as a 
function of residence time (months). Source: Modified from 
Nixon et al. (1996). 



(Howarth et al., 1988a,b). However, if another 
pathway of dissimilatory reduction to 

(DNRA) is taken, it is found that N will be retained 
in a system, thereby increasing the total available N 
for organisms (Koike and Hattori, 1978; Jorgensen, 
1989; Patrick et al., 1996). Although very little is 
known about the ecological consequences of DNRA 
(Sorensen, 1987; Cornwell et al., 1999), rates of DNRA 
can be as high as denifrificafion in shallow esfuaries 
and fidal flafs (Bonin ef al., 1998; Tobias ef al., 2001). 
Recent work in Laguna Madre/Baffin Bay (USA) has 
shown that while sulfides can inhibif denitrification, 
they may stimulate DNRA by providing an electron 
donor; this likely results in the retention of available 
N in esfuaries (An and Gardner, 2002). Sfudies have 
reported the existence of chemolithofrophic bacferia 
fhat use sulfur compounds as an elecfron donor 
fo convert N03^ to NH4+ (Schedel and Truper, 
1980). 

Assimilation of DON involves the uptake and 
incorporation of organic forms of N, such as amino 
acids, info biomass by bofh heferofrophic and 
aufofrophic organisms. The DON pool represenfs 
an imporfanf componenf of fhe N cycle in esfuarine 
sysfems (Sharp, 1983; Jackson and Williams, 1985), 
with a diverse range of sources and sinks (Bronk 
and Ward, 2000; Bronk, 2002). However, much of fhe 
work fo dafe has focused on DIN loading fo esfuaries. 
Increases in loading of DIN fo esfuaries have also 
been accompanied by increases in DON (Correll and 
Ford, 1982). In facf, rivers fhaf are a crifical source 
of N fo esfuaries can have over 80% of fheir fofal 
N represenfed as DON (Meybeck, 1982; Seifzinger 
and Sanders, 1997, Bronk, 2002). The major “sinks" 
or pafhways of DON consumpfion are mediafed by 



bacferia (Anifa ef al., 1991; Bronk, 2002), archaea 
(Ouverney and Fuhrman, 2000), and fo a lesser 
degree profisfs (Tranvik ef al., 1993). Phyfoplankfon 
can also use some DON compounds. The producfion 
of organic N de novo from DIN by bacferia as well 
as fhe fixation of afmospheric N2 is evidence for fhe 
imporfance of parficulafe heferofrophic organic N in 
aquafic sysfems (Kirchman, 1994). 

3.5.3 Sediment-Water Exchange 
of Dissolved Nitrogen 

Esfuarine and coasfal sedimenfs are imporfanf envi- 
ronmenfs for fhe bacferial remineralizafion of nufri- 
enfs (Rowe ef al., 1975; Nixon, 1981; Bo5mfon ef al., 
1982; Blackburn and Henriksen, 1983; Nowicki and 
Nixon, 1985; Sundback ef al., 1991; Warnken ef al., 
2000) fhaf also supporf nerific producfion — via fluxes 
across fhe sedimenf -wafer inf erf ace (Cowan and 
Boynton, 1996). The rafes of remineralizafion and 
nufrienf fluxes are f5rpically highesf wifh increasing 
wafer femperafures (Hargrave, 1969; Kemp and Bo5m- 
fon, 1984). Many ofher factors, such as redox sfafus 
of fhe sedimenfs and overlying wafer column, sorp- 
tion/ desorption processes, microbial respiration, and 
macromeiobenfhic excretion, confribufe fo variabilify 
of sedimenf-wafer exchange of nufrienfs (Kemp and 
Boynton, 1981; Cowan and Bo5mfon, 1996). 

The major pafhways of fhe N cycle in sedimenfs 
are sfrongly influenced by fhe redox condifions in 
boffom wafers and sedimenfs (Fig. 3.13). Bofh dif- 
fusive and advecfive processes sfrongly confrol fhe 
disfribufion of O and N compounds, which ultimately 
affecf fhe coupling between nifrificafion and denifrifi- 
cafion (Jorgensen and Boudreau, 2001). For example, 
anaerobic degradation of N-confaining organic maf- 
fer will confribufe fo fhe formafion of DON and 
NH4+ (ammonificafion), which can fhen eifher efflux 
fo fhe wafer column or be oxidized fo NO2 and 
N03^ (nifrificafion). Depending on fhe diffusive gra- 
dienf, N03~ may also move downward where if can 
supporf denifrificafion jusf below fhe oxic-anoxic 
interface in sedimenfs (Fig. 3.13; Krisfensen, 1988; 
Rysgaard ef al., 1994). Experimenfal loading of N in 
sedimenfs showed fhaf moderafe loading increased N 
removal via denifrificafion buf decreased rafes of den- 
ifrificafion af high N loading (Slofh ef al., 1995). The 
incorporation and/or loss of N03^ from sedimenfs 
will also be dependenf on fhe presence and f5qie of 
biofurbafion (Alter, 2001). Ammonium also accounfs 
for mosf of fhe DIN secreted by inverfebrafes, as an 
end-producf of profein cafabolism (Le Bornge, 1986). 

Esfuaries are active sites of nifrous oxide (N2O) 
producfion (Bange ef al., 1996; Seifzinger and Kroeze, 
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(b) Concentraion 




FIGURE 3.13 Major pathways of the N cycle in sediments 
(a) and as a function of redox conditions in bottom waters 
and sediments (b). Both diffusive and advective processes 
strongly control the distribution of O and N compounds, 
which ultimately affect the coupling between nitrification 
and denitrification. Source: Modified from Jorgensen and 
Boudreau (2001). 

1998; Usui et al., 2001; Bauza et al., 2002). Nitrous 
oxide is one of the major greenhouse gases in the 
Earth's atmosphere (Wang et al., 1976; Khalil and 
Rasmussen, 1992). In fact, the Global Warming 
Potential of N 2 O (310) is considerably higher than 
that of CO 2 (1) (Houghton et al., 1995). Furthermore, 
N 2 O also plays a role in stratospheric ozone deple- 
tion (Hahn and Crutzen, 1982). Enhanced nutrient 
loading to estuaries stimulates microbial processes 
that include N 2 O production (Seitzinger and Nixon, 
1985; Seitzinger, 1988; Seitzinger and Kroeze, 1998; 
Usui et al., 2001). Chemoautotrophic nitrification and 
denitrification are the primary processes that produce 
N 2 O in natural systems (Yoshinari, 1990). Estuarine 
sediments are characterized by high spatial and 
temporal variability in N 2 O production (Middelburg 
et al., 1995; Usui et al., 2001). 



3.5.4 Sources of Phosphorus to Estuaries 

Phosphorus (P) is one of the best-studied nutrients 
in aquatic ecosystems because of its role in limit- 
ing primary production on ecological and geological 
timescales (van Capellen and Ingall, 1996). Other key 
linkages to biological systems include the role of P 
as an essential constituent of genetic material (RNA 
and DNA), cellular membranes (phospholipids), as 
well as in energy transforming molecules (e.g., ATP). 
Consequently, marine P has received considerable 
attention in recent decades, with particular emphasis 
on source and sink terms in budgets (Froelich et al., 
1982; Meybeck, 1982; Sutula et al., 2004). Excessive 
loading of N to estuarine waters can result in P limi- 
tation in systems that are generally considered to be 
N limited. In such cases where primary production 
is limited by P, N:P ratios are expected to exceed 
the Redfield value of 16:1 but can be replenished by 
sediment efflux of P due to redox changes. 

The cycling and availability of P in estuaries is 
largely dependent on P speciation. Consequently, 
total P (TP) has traditionally been divided into total 
dissolved P (TDP) and total particulate P (TPP) fractions 
(Juday et al., 1927), which can further be divided into 
dissolved and particulate organic P (DOP and POP) 
and dissolved and particulate inorganic P (DIP and 
PIP) pools. Another defined fraction within the TP 
pool is reactive phosphorus, which has been used to 
describe the potentially bioavailable P (Duce et al., 1991; 
Delaney, 1998). Much of the work to date has focused 
on the soluble reactive P (SRP), which is characterized 
as the P fraction that forms a phosphomolybdate 
complex under acidic conditions (Strickland and 
Parsons, 1972). A significant fraction of the SRP 
comprises orthophosphate (H 2 P 04 ^) and acid-labile 
organic compounds such as simple phosphate sugars 
(McKelvie et al., 1995). The DIP fraction is composed 
of phosphate (P 04 ~), phosphoric acid (HP 04 ^^), 
orthophosphate (H 2 P 04 ^), and triprotic phosphoric 
acid (H 3 PO 4 ); dissociation constants in freshwater 
and seawater are shown in Table 3.5 (Atlas, 1975; 
Stumm and Morgan, 1981). 

The relative abundance of these species will vary 
with pH in aquatic systems making H 2 P 04 ^ and 
HP 04 ^^ the more common species in freshwater and 
seawater, respectively (Fig. 3.14; Morel, 1983). The 
difference between TDP and SRP provides an esti- 
mate of the DOP pool, which has more recently been 
referred to as soluble nonreactive P (Benitez-Nelson 
and Karl, 2002). This can represent a much larger 
pool than SRP and can also be an important source 
of P to oceanic organisms (Benitez-Nelson and Karl, 
2002 ). 
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TABLE 3.5 Dissociation constants of phosphoric acid 
at25°C 




^Stumm and Morgan (1981). 
'’Atlas (1975). 



Phosphate (Ptotal =10®® M) 




FIGURE 3.14 Relative abundance of these different dis- 
solved inorganic P compounds as a function of pH in aquatic 
systems; H2P04~ and HP04^“ are the more common 
species in freshwater and seawater, respectively. Source: 
Modified from Morel (1983). 

Using nuclear magnetic resonance (NMR) 
spectroscopy, the dominant groups of P found in 
dissolved organic phosphorus (DOP) in oceanic 
systems are phosphonates, phosphate monoesters, 
orthophosphate, phosphate diesters, pyrophos- 
phates, and tri- and tetrapol 5 rphosphates (Clark et al., 
1998; Kolowith et al., 2001), and very little work 
on this topic has been performed in river/ estuarine 
systems. It should be noted that phosphonates are a 
group of compounds that have a C=P bond, often 
associated with phosphoproteins (Quin, 1967) and 
phospholipids (Hori et al., 1984). 

Rivers are the major source of P to the ocean, 
via estuaries, where major chemical and biological 
transformations of P occur before it is delivered to 
the ocean (Froelich et al., 1982; Conley et al., 1995). 
The major source of P to rivers is from weathering of 
rock materials, and this is the major pathway from 
which P is lost from terrestrial systems 0ahnke, 2000). 
Phosphorus is the tenth most abundant element on 
Earth with an average crustal abundance of 0.1% 



(Jahnke, 2000). Apatite is the most abundant phos- 
phate mineral in the Earth's crust, representing more 
than 95% of all the crustal P. Thus, the yield of P from 
weathering processes will vary depending on the rock 
t 5 rpe. Por example, P is generally low in granites (e.g., 
0.13-0.27%), higher in shales (0.15-0.40%), and high- 
est in basalts (0.40-0.80%; Kornitnig, 1978). The fact 
that the uptake of P into organic matter per year is 
greater than the amount lost by land or supplied by 
rivers emphasizes the importance of P recycling in 
natural systems (Berner and Berner, 1996). 

Inputs of atmospheric sources of P are generally 
considered to be insignificant to coastal systems. In 
fact, they represent less than 10% of the riverine flux 
of reactive P (Duce et al., 1991; Delaney, 1998). Only 
in highly oligotrophic systems, such as oceanic gyres 
and the eastern Mediterranean (Krom et al., 1991, 
1992), can such inputs have a significant impact on 
primary production. In fact, atmospheric deposition 
of DIP may account for as much as 38% of the 
new production during summer and spring in the 
Levantine Basin, eastern Mediterranean (Markaki 
et al., 2003). While gaseous forms of N and S 
are important components of natural systems, no 
significant quantities of any stable gaseous forms of 
P have been found in aquatic systems. 

3.5.5 Phosphorus Fluxes Across the 
Sediment-Water Interface 

The release of P from estuarine sediments is a 
common and important process that varies spatially 
and temporally. Early studies showed, using in 
situ benthic flux chambers, that P fluxes ranged 
from 30 to 230 mg P/m^/ day in estuaries such 
as Narragansett Bay (USA; Elderfleld et al., 1981a, 
1981b), Potomac River estuary (USA; Callender and 
Hammond, 1982), San Pranciso Bay (USA; Hammond 
et al., 1985), and Guadalupe Bay (USA; Montagna, 
1989). Another key factor controlling the release of 
P from sediments is temperature. In many temperate 
systems, for example, much of the regeneration of P 
in sediments occurs via microbial processes, which 
are typically highest in summer months. Similarly, 
another fundamental pattern involving P release 
from sediments is that it decreases with increasing 
salinity. Spatial variability in the extent of subtidal 
and intertidal areas may also have an impact on the 
spatiotemporal variability in P concentrations. 

Numerous studies in freshwater (e.g., Roden and 
Edmonds, 1997; Hupfer et al., 2004) and marine 
(e.g., Sundby et al., 1992; Gunnars and Blomqvist, 
1997; Sutula et al., 2004) systems have examined 
mechanisms controlling the release and efflux of P 
from sediments. Since total sediment P does not reflect 
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exchange capacity or bioavailability of P, sequential 
chemical extraction techniques have been useful in 
separafing ouf differenf pools of P (Ruffenberg, 1992; 
Jensen and Thamdrup, 1993). Sedimenfary pools of P 
have generally been divided info fhe following frac- 
tions: (i) organic P, (ii) Fe-bound P, (iii) authigenic P 
minerals (e.g., carbonafe fluoroapafife, sfruvife, and 
vivianife), and (iv) detrital P minerals (e.g., feldspar; 
Ruffenberg and Berner, 1993). More specifically, if is 
fhe organic P (Ingall and Jahnke, 1997) and Fe-bound 
P (Krom and Berner, 1981) fractions fhaf are con- 
sidered fo be fhe mosf reactive and mosf likely fo be 
released from sedimenfs during P regenerafion. While 
if is generally accepfed fhaf much of fhe inorganic P is 
bound wifh Fe and Ca in sedimenfs, fhe condifion of 
the organic fraction is less clear. Some of fhe organic 
P componenfs occur as phyfic acid, nucleic acids, and 
humic subsfances (Ogram ef al., 1978; de Groof, 1990). 
In the case of organic P release, P 04 ^~ is remineralized 
during diagenesis of organic matter. In fhe Fe-bound 
fracfion of P, release of P can occur from Fe oxides 
as sedimenfs become reduced under anaerobic con- 
difions (McManus ef al., 1997). Ofher experimental 
work has shown that P released from esfuarine and 
freshwater sediments was largely controlled by the 
reduction of FeOOFI (Gunnars and Blomqvisf, 1997). 
Thus, fhe degree fo which P is released fhrough bofh 
fhese pafhways is further controlled by stability of 
redox condifions as well as fhe exfent of aufhigenic 
P mineral formation. For example, dissolved inor- 
ganic phosphorus in bottom wafers was shown to 
be negatively correlated with oxygen concentration, 
indicating the release of DIP from sedimenfs in fhe 
Baltic Sea (Fig. 3.15; Gonley, 2002). 

When compared wifh freshwafer sysfems, infer- 
acfions befween Fe and S (Ganfield, 1989; Kosfka 
and Lufher, 1995) in marine and esfuarine sysfems 
can furfher complicafe fhe mechanisms confrolling P 
release. For example, experimenfal work by Gunnars 
and Blomqvisf (1997) indicafed fhaf fhe reducfion 
of FeOOFI was mosf imporfanf in confrolling fhe 
release and efflux of P 04 ^^ across fhe sedimenf -wafer 
inferface. Moreover, if was found fhaf fhe dissolved 
Fe:P ratio of fhe efflux was equal fo 1 in freshwafer 
sedimenfs buf less fhan 1 in marine sedimenfs. If 
was further shown that carbon-normalized P remobi- 
lization from sedimenfs was approximafely fivefold 
higher in marine sysfems wifh higher S 04 ^^ concen- 
frafions fhan in freshwafer sysfems wifh low S 04 ^^ 
concenfrafions (Garaco ef al., 1990). These differences 
in ratios are likely explained by quick scavenging of 
Fe^+ by Fe sulfides in marine and esfuarine sysfems, 
which can resulf in fhe precipifafion of FeS and FeS 2 
(pyrife; Tailleferf ef al., 2000). 




FIGURE 3.15 Negative correlations between dissolved inor- 
ganic phosphorus (m-M) and oxygen (ml/1) concentrations 
in bottom waters of the Baltic Sea. Source: Modified from 
Conley (2002). 



3.5.6 Cycling of Inorganic and Organic 
Phosphorus 

In bofh freshwater and estuarine systems, concentra- 
tions of DIP has also been sfrongly linked wifh the 
suspended sediment load. In fact, a stable or "equi- 
librium" concentration range of DIP, befween 0.5 and 
2 |xM, has been reporfed for a number of esfuarine 
sysfems (Liss, 1976; Froelich, 1988; Ormaza-Gonzalez 
and Sfafham, 1991). These sfable DIP concenfrafions 
are believed fo be confrolled by a "buffering" of 
DIP fhrough fhe adsorption and desorpfion onfo 
mefal oxide surfaces (Morfimer, 1941; Garriff and 
Goodgal, 1954; Stirling and Wormald, 1977). This 
"P-buffering" is believed fo balance fhe low avail- 
abilify of SRP in higher salinity waters, which occurs 
from phytoplankton uptake and anionic competi- 
tion for surface adsorpfion sifes (Froelich, 1988; Fox, 
1989). For example, TPP concenfrafion decreases wifh 
increasing salinify in fhe Delaware Bay (Lebo, 1991) 
and Sheldf (fhe Nefherlands) esfuaries, suggesting 
fhe imporfance of desorpfion of DIP from aluminum 
and iron oxides. Finally, in fhe high salinify reaches 
of esfuaries, calcife can serve as a carrier phase for 
adsorbed P (de Jonge and Villerius, 1989). However, 
anofher work has shown that inorganic exchange pro- 
cesses were not able to "buffer" DIP concenfrafions 
across differenf regions of Ghesapeake Bay (Gonley 
ef al., 1995). When examining fhe rafio of Fe:P in 
cifrafe-difhionafe-bicarbonafe (CDB-P) exfracfs in 
surface and boffom samples of suspended particles, 
there is a clear decrease in the ratio with increas- 
ing salinity (Gonley et al., 1995). This decrease in 
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CBD-Fe:P has also been observed in the St Lawrence 
estuary (Canada; Lucotte and d'Angleian, 1983). 

Another geochemical/physical mechanism con- 
trolling the P concentrations in estuarine waters 
may involve particle sorting and / or particle colloid 
interactions. For example, negative correlations were 
found between particulate P and SPM and the parti- 
tion coefficient (K^) for orfhophosphafe {K^ — [TPP] 
[mg/kg]/[orfhophosphafe] [mg/1]) and SPM in fhe 
Galveston esfuary (USA; Sanfschi, 1995). Much of 
fhe TP in fhis system is composed of orfhophos- 
phafe as indicafed by fhe strong positive relationship 
between orthophosphate and TP. The negative corre- 
lation between and SPM is commonly referred to 
as fhe particle concentration effect, an effecf well sup- 
ported by radionuclide and trace metal work (e.g., 
Floneyman and Santschi, 1988; Baskaran et al., 1992; 
Benoit et al., 1994). This effect occurs when a frac- 
tion of fhe P, or frace elemenfs and radionuclides, is 
associafed wifh fhe colloidal fraction, which is less 
fhan 0.45 pm and greater than 1 kD (Benoit et al., 
1994). In fact, the colloidal P represented 30-80% of 
fhe filfer-passing organic P concenfrafion, an amounf 
significanf enough fo accounf for such an effecf. 

Alfhough fhe characferizafion of DOP in rivers 
and esfuaries has been largely ignored, some work in 
fhe Mississippi River indicafed thaf fhe composition 
of soluble nonreacfive P primarily consisfed of diesfer 
and monoesfer phosphate, phosphonafes, orfhophos- 
phafes, and/or fri and fefrapol 5 ^hosphafes (Narmy 
and Minear, 1997) — essentially fhe same as fhaf found 
in fhe ocean (Kolowifh ef al., 2001). Phosphonafes 
and refracfory P esters are also abundant in marine 
sediments and may represent a significant sink for 
organic P (Ingall ef al., 1990). Conversely, recenf 
work has shown fhaf phosphonafes may acfually 
be preferentially removed relative to other bioavail- 
able P esters, in anoxic waters (Benitez-Nelson et al., 
2004). From the perspective of soil inpufs af fhe river 
end-member of esfuaries, 90% of fhe fofal organic 
P in some soils was represenfed in fhe form of fhe 
monoesfer phosphafe fraction (Condron ef al., 1985), 
wifh phosphonafes also being presenf (Flawkes ef al., 
1984). These comparisons of possible oceanic and fer- 
rigenous end-member inpufs fo esfuaries provide af 
leasf some insighf on fhe pofenfial composifion of 
DOP in esfuaries. 

3.5.7 Sources of Silica to Estuaries 

Alfhough silicon (Si) is fhe second mosf abundanf 
elemenf in fhe Earfh's crusf, if has relatively limifed 
imporfance fo biogeochemical cycles (Conley, 2002; 
Ragueneau ef al., 2006a,b). Much of fhe work fo date 
has focused on fhe weafhering of Si (Wollasf and 



Mackenzie, 1983) and fhe oceanic Si cycle (DeMasfer, 
1981; Treguer ef al., 1995). Only recenfly has the 
cycling of Si in ferresfrial ecosystems been shown 
fo be imporfanf on a global scale (Conley, 2002). The 
majority of inpufs fo fhe oceans occur via rivers (80%), 
wifh much of fhe losses confrolled by sedimenfafion 
of biogenic silica or opal (Treguer ef al., 1995). The 
average global concenfrafion of dissolved Si02 (DSi) 
in rivers is 150 pm/l (Conley, 1997); fhe majorify of 
this DSi is in the form of silicic acid (Fl 4 Si 04 ) in rivers, 
which t 5 rpically have a pFI in fhe range of 7.3-8. 0. 

The primary source of DSi (80%) fo fhe global 
ocean, via esfuaries, is riverine. Flowever, anfhro- 
pogenic alferafions have begun fo change fo abun- 
dance and sources of riverine Si (Treguer ef al., 1995; 
Conley, 2002). For example, decreases in fhe deliv- 
ery of DSi loading of Mississippi River to coastal 
waters were attributed to enhanced N loading to the 
river, which is believed to have increased diatom pro- 
duction and sedimentation in the watershed (Turner 
and Rabalais, 1991; Turner et al., 2003). Flowever, 
increases in the number of dams can also accounf 
for such decreases (Conley ef al., 1993). Decreases in 
DSi in fhe Danube River (Humborg ef al., 1997) and 
fhe Swedish rivers (Humborg ef al., 2000, 2002) have 
also been attributed to enhanced uptake of DSi from 
enhanced diatom production. 

Other less important sources of DSi fo esfuar- 
ies and fhe coasfal ocean include SGD, afmospheric 
inpufs, and in fhe case of esfuaries, imporf of DSi 
from coastal upwellmg (Ragueneau et al., 2006a,b). 
For SGD, current estimates of the global flux range 
from 0.01% fo 10% of surface runoff (Taniguchi ef al., 
2002). More work is needed on DSi in groundwa- 
fers before any conclusive stafemenfs can be made 
abouf ifs effecfs on esfuarine biogeochemisfry. As for 
afmospheric inpufs of Si, fluxes fo fhe global ocean 
have been esfimafed fo be approximafely 0.5 Tmol 
Si/ year (Duce ef al., 1991), alfhough fhese inpufs only 
accounf for 0.2% of fhe armual oceanic gross biogenic 
Si production and 10% of fhe river inpufs. 

3.5.8 Cycling of Silica 

Temporal and spatial variabilify in fhe armual cycles 
of DSi in esfuaries primarily change as a function 
of river inpufs and biological upfake. In Chesapeake 
Bay, sources of DSi in winter and spring were primar- 
ily from river inpufs (Fig. 3.16; Conley and Malone, 
1992). The variabilify in fhe maxima and minima of 
DSi decreased from fhe head fo fhe moufh of fhe 
esfuary, due fo reduced linkages wifh freshwafer 
inpufs. In summer monfhs, a significanf fraction of 
DSi was supplied from benfhic regenerafion. The 
highesf concenfrafions of DSi in boffom wafers of fhe 
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bay occurred in the summer because biogenic Si disso- 
lution is strongly temperature dependent (Kamatani, 
1982). Much of the diatom demand for DSi can be 
supporfed by flux of fhis regenerafed Si in sedi- 
menfs fo fhe wafer column in Chesapeake Bay (D'Elia 
ef al., 1983). From a spatial perspective, fhe highesf 
DSi concenfrations occurred in boffom wafers in fhe 
mesohaline and lower bay regions — where regener- 
ation rates were highest. However, maximum uptake 
rates of DSi by diatoms also occurred in fhe meso- 
haline region in spring — resulting in significanf DSi 
limitation (Fig. 3.16; Conley and Malone, 1992). 

3.5.9 Sources of Sulfur to Estuaries 

Sulfur (S) is an imporfanf redox elemenf in esfuaries 
because of ifs linkage wifh biogeochemical processes 
such as S04^^ reduction (Howarfh and Teal, 1979; 
Lufher ef al., 1986; Roden and Turtle, 1993a, 1993b), 
pyrife (FeS2) formation (Giblin, 1988; Hsieh and Yang, 
1997), mefal cycling (Tang ef al., 2000), ecosysfem 
energetics (King ef al., 1982; Howes ef al., 1984), and 
atmospheric S emissions (Dacey et al., 1987; Simo 
et al., 1997). The range of oxidafions for S intermedi- 
ates formed in each of fhese processes is befween -|-VI 
and —II. 

On a global scale, mosf of fhe S is located in fhe 
lifhosphere; however, fhere are imporfanf inferacfions 





befween fhe hydrosphere, biosphere, and afmosphere 
where imporfant fransfers of S occur (Char Ison, 2000). 
For example, coal and biomass burning, along wifh 
volcano emissions injecf SO2 info fhe afmosphere, 
which can then be further oxidized in the atmosphere 
and removed as 804^^ in rainwater (Galloway, 1985). 
An example of biogenic sulfur formafion is fhe reduc- 
tion of seawater 804^^ fo sulfide by phytoplankton 
and evenfual incorporation of fhe 8 into dimethylsul- 
foniopropionate (DM8P). DM8P, in turn, is converted 
to volatile DM8 (CH38CH3), which is emitted to the 
atmosphere. In seawater, 804^^ represents one of 
the major ions, with concentrations that range from 
24 fo 28 mM, which is considerably higher fhan fhe 
concenfrafions found in freshwafers (~0.1 mM). This 
marked difference makes seawafer the major input 
to estuaries and sets up an important gradient in 
estuarine biogeochemical cycling. 

Approximately 50% of fhe global flux of 8 fo 
the atmosphere is derived from marine emissions 
of DM8. Oxidation of DM8 in fhe afmosphere leads 
fo production of 804^^ aerosols, which can influence 
global climafe patfems (Charlson ef al., 1987; Andreae 
and Crufzen, 1997). The key processes confrolling 
DM8 emissions from fhe euphofic zone in fhe ocean 
are bacterial mefabolism, wafer column mixing, and 
phofochemisfry (Kieber ef al., 1996; Kiene and Linn, 





FIGURE 3.16 Temporal variability of concentrations of DSi (|rM) in Chesapeake Bay across a salinity gradient. Source: 
Modified from Conley and Malone (1992). 
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FIGURE 3.17 Depth profile of the microzone of O 2 and HjS at the sediment-water interface (ca. 1-2 mm) where Beggiatoa 
spp. and Thiovulum spp. thrive. Source: Modified from Jorgensen and Revsbech (1983). 



2000). The major precursor of DMS in the ocean is 
the algal osmolyte DMSP ((CH 3 ) 2 S+CH 2 CH 2 COO-; 
Charlson et al., 1987; Dacey et al., 1987). DMS is 
formed by enzymatic cleavage of DMSP (Kiene, 1990). 
The release of dissolved DMSP (DMSPd) occurs from 
direct excretion, viral lysis, and grazing processes 
(Dacey and Wakeham, 1986; Malin et al., 1998). Once 
released, bacterioplankton can metabolize DMSPd 
where it can be converted to sulfate, DMS, and 
methanethiol (MeSH; CH 3 SH; Kiene and Lirm, 2000). 

3.5.10 Cycling of Inorganic and Organic 
Sulfur in Estuarine Sediments 

Anaerobic sediment metabolism represents a signif- 
icant pathway for carbon cycling in estuarine sedi- 
ments (Jorgensen, 1977, 1982; Grill and Martens, 1987; 
Roden and Tuttle, 1992). In particular, reduc- 

tion (SR) is the terminal microbial respiration process 
in anaerobic sediments, when S 04 ^^ is not limiting, 
leading to the formation of hydrogen sulfide (H 2 S; 
Capone and Kiene, 1988). Sulfate reduction is partic- 
ularly important in the S and C chemistry of highly 
productive shallow-water subtidal and salt marsh 
environments (Howarth and Teal, 1979; King et al., 
1985; Kostka and Luther, 1994). In fact, some S 04 ^^ 
reducing bacteria (SRB) are closely associated with the 



rhizosphere of S. alterniflora, an interaction that is crit- 
ical in controlling biogeochemical cycling in marsh 
sediments (Hines et al., 1989). Some of the domi- 
nant SRB genera within the families of Desufovib- 
rionaceae and Desulfobacteriaceae are Desulfovibrio 
desulfuricans, Desulfobulbus propionicus, Desulfobacter 
spp., Desulfococcus multivorans, Desulfosarcina vari- 
abilis, and Desulfobacterium spp. (Rooney-Varga et al., 
1997; King et al., 2000). Some of these SRB are also 
important in methyl mercury (CH 3 Hg) formation 
in contaminated sediments. Sources of S to sedi- 
ments are S 04 ^^ and detrital sulfur inputs to the 
sediment-water interface. Organic matter decompo- 
sition via sulfate reduction can be represented by the 
following equation (Richards, 1965; Lord and Church, 
1983): 

2 [(CH 20 ),(NH 3 )„(H 3 P 04 )p] 

-b c(S04^-) ^ 2c(HCO^-) -b 2n(NH3) (3.24) 

+ 2 p(H 3 P 04 ) + c(H2S) 

where c,n, and p represent the C:N:P ratio of the 
decomposing organic matter. 

A significant fraction of the sulfides formed by 
sulfate reduction are reoxidized to S 04 ^^ at the 
oxic-anoxic interface in sediments. Dissolved sulfides 
(DS; DS = -b HS“ -b H 2 S) formed in porewaters 
during sulfate reduction can diffuse into overlying 
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bottom waters and contribute to O2 depletion in estu- 
aries (Tuttle et al., 1987). Sulfides can also be removed 
from porewafers via reacfions wifh Fe oxyhydroxides 
fo form pyrife (FeS2; Berner, 1970, 1984). In addifion fo 
vertical molecular diffusion as a confrolling facfor in 
fhe DS fransporf, gas bubble ebullition, derived from 
CH4 production beneafh fhe sulfafe reducfion zone, 
can be imporfanf in sfripping DS from porewafers 
(Roden and Tuffle, 1992). Alfhough sulfafe reducfion 
has been viewed as fhe dominanf pafhway of organic 
maffer oxidation in anaerobic salf marsh sedimenfs 
(see reviews by Flowarfh, 1993), anofher work has 
suggesfed fhaf microbial Fe(III) reducfion (FeR) is 
also key in confrolling fhe oxidation of organic C 
in fhese sedimenfs and is inherenfly linked wifh DS 
formed from SR (Kosfka and Lufher, 1995). 

The flux of DS across fhe sedimenf -wafer 
inferface can in some cases be sfrongly influenced by 
fhe presence of chemoaufofrophic bacferial mafs in 
esfuaries. These sulfur oxidizing bacferia occur af fhe 
oxic-anoxic inferface. The dominanf colorless bacfe- 
ria fhaf live wifhin fhe microzone of fhe O2 and FI2S 
inferface (ca. 1-2 mm) are Beggiatoa and Thiovulum 
spp. (Jorgensen and Revsbech, 1983; Jorgensen and 
Des Marais, 1986). This early work demonsfrafed 
fhrough fhe use of microelecfrodes fhaf fhese bacferia 
live wifhin fhe microgradianf of O2 and H2S (Fig. 3.17; 
Jorgensen and Revsbech, 1983). The sleep H2S and 
O2 gradienf typically occurs between 0 and 0.5 mm. 
In the presence of O2, fhese bacferia can oxidize FI2S 
fo S°, which can be furfher oxidized fo S04^^ (Nelson 
and Casfenholz, 1981). These bacferia enzymafically 
oxidize FI2S in fhe presence of O2 — despife rapid 
abiofic oxidafion of H2S. The common pigmenfed 
sulfur bacferia are fhe green sulfur bacferia (GSB; 
e.g., Prosthecochloris aestuarii), which are obligafe 
anaerobes fhaf use FI2S as fhe dominanf elecfron 
accepfor for photolithoautotrophy (Masse ef al., 2002). 
These GSB are commonly found in occurrence wifh 
brown colored GSB (e.g., Chlorobium vibriforme) in 
brackish fo h5rpersaline environmenfs. 

In sedimenfs, Fe sulfides are fypically divided 
info fhe following fwo groups: acid volatile sulfides 
(AVSs), which are evolved via acid disfillafion and 
generally include amorphous forms (e.g., mackinaw- 
ife [FeS], greigife [Fe3S4], and pyrrhofife [FeS]; Morse 
and Gornwell, 1987). In some cases, AVS may rep- 
resenf fhe dominanf pool of sulfides in esfuarine 
sedimenfs (Oenema, 1990). Pyrife (FeS2) is fhe dom- 
inanf Fe-sulfur mineral in mosf esfuarine sysfems, 
parficularly in salf marsh sedimenfs (FIsieh and Yang, 
1997). In sedimenfs wifh high concenfrafions of sul- 
fide, reductive dissolufion of Fe(III) oxyhydroxide 
phases resulfs in fhe formafion of FeSgq and FeSg as 



shown below: 

Fe^+ -h HS“ ^H+ + FeSaq (3.25) 

Pyritization can fhen occur under anoxic condifions 
relatively quickly by reaction of FI2S and S(0) (as S3 
or polysulfides [S,.^^]) wifh FeS — bofh aqueous and 
solid forms (Rickard and Lufher, 1997; Rozan ef al., 
2002) in fhe following equafions: 

FeS,q + H2S,q^FeS2 + H2 (3.26) 

FeS,q + S/- or [Sg] ^ FeS2 + Sl_,^ (3.27) 

Pyrife is considered fo be very sfable under reducing 
condifions where if can be preserved over geologi- 
cal time, fhereby refaining high amounfs of energy 
(Howarfh, 1984); however, under oxidizing condi- 
fions, FeS2 decomposes rapidly. Alfhough fhere can 
be considerable differences in fhe rafes of pyrifiza- 
fion of differenf precursor iron hydroxide minerals 
(Canfield ef al., 1992; Raiswell and Canfield, 1996), 
fhe acfual effecfs of mineralogy appear fo only be 
imporfanf in fhe inifial iron sulfidizafion and nof in 
pyrifizafion rafes (Canfield ef al., 1992; Morse and 
Wang, 1997). 

The degree of pyrifizafion (DP) is a paramefer firsf 
used by Berner (1970) fo disfinguish environmenfs 
where FeS2 is Fe or carbon limifed (Raiswell and 
Berner, 1985). If is a measure of fhe exfenf fo which fhe 
original reducible or reactive Fe has been converfed 
fo FeS2. The original equation defining DP has been 
modified in recenf years because of fhe operafional 
definifion of reactive nonsulfidic Fe. The following 
equation incorporafes some of fhese modificafions 
and has been recenfly used by Rozan ef al. (2002): 



([FeS2] -|- [AVS — Fe] -I- [difhionife — Fe]) 

(3.28) 

where FeS2 is fhe concenfrafion of reduced S as pyrife, 
AVS, fhe acid volatile sulfur composed of bofh aque- 
ous and solid FeS, difhionife — Fe, fhe measure of 
nonsulfidic Fe. 

3.5.11 Cycling of Inorganic and Organic 
Sulfur in Estuarine Waters 

The emergence of DS from sedimenfs info sfrafified 
boffom wafers can confribufe significanfly fo boffom 
wafer oxygen deplefion in esfuaries (Tuffle ef al., 1987; 
Roden and Tuffle, 1992). Flydrogen sulfide's foxicify 
sfems from ifs abilify fo combine wifh fhe Fe-heme of 
blood cells, fhereby replacing O2 and inhibifing respi- 
rafion (Smifh ef al., 1977). The persisfence and concen- 
frafions of FI2S in fhe boffom wafers of esfuaries are 
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controlled by many factors such as soluble reactive 
phosphorus (SRR), which is affected by organic mat- 
ter/nutrient loading, temperature, and parameters 
controlling the flux of H2S across fhe sedimenf- wafer 
inferface and fhe fransfer fo surface wafers (e.g., dif- 
fusive/ advecfive processes and S-oxidizing bacferia). 

Alfhough fhere have only been a few sfudies 
fo dafe, if has been suggesfed fhaf coasfal plumes 
(Turner ef al., 1996; Simo ef al., 1997) and esfuaries 
(Iverson ef al., 1989; Cerqueira and Pio, 1999) may 
be imporfanf afmospheric sources of DMS. DMS, a 
compound produced by cerfain phyfoplankfon, has 
possible implicafions on climafe confrol once released 
info fhe afmosphere (Charlson ef al., 1987). DMS is 
formed by cleavage of DMSP (Kiene, 1990). In facf, 
DMSP may provide as much as 100% of fhe sulfur 
and 3.4% of fhe carbon required for bacferial growfh 
in oceanic wafers (Kiene and Lirm, 2000). Ofher sul- 
fur compounds such as carbonyl sulfide (OCS) and 
carbon disulfide (CS2) are also possible sources of S in 
esfuaries. 

3.5.12 Carbon Cycling in Estuaries 

As discussed earlier, carbon dioxide wafer-fo-air 
fluxes are significanf in esfuaries (Frankignoulle and 
Borges, 2001; Wang and Cai, 2004; Bianchi, 2007; 
Bauer and Bianchi, ; Bianchi and Bauer, ). Esfuaries 
and fheir associafed marshes along fhe soufheasfem 
USA have received considerable attention on fhis 
fopic (Cai and Wang, 1998; Cai ef al., 2003; Wang and 
Cai, 2004). Calculafed values of fhe parfial pressure 
of CO2 (PCO2), based on dissolved inorganic carbon 
(DIC) and pH dafa, showed fhe highesf PCO2 (1000 
fo >6000 |xafm) af fhe lowesf salinifies (<10) in 
esfuarine wafers of fhe Safilla and Alfamaha Rivers 
(USA; Cai and Wang, 1998). Corresponding CO2 
wafer-fo-air fluxes in fhese low salinity waters 
ranged from 20 fo greafer fhan 250 mol/m^/ year. 
The high PCO2 and CO2 wafer-fo-air fluxes in fhe 
Safilla and Alfamaha rivers were affribufed fo inpufs 
from organic carbon respiration in fhe fidally flooded 
salf marshes and groundwafer (Cai and Wang, 1998). 
Recenf work has shown fhe PCO2 of groundwafer 
enfering fhe Soufh Aflanfic Bighf (soufheasfem 
coasf of USA) fo be high (0.05-0.12 afm; Cai ef al., 
2003). This is consisfenf wifh ofher work, which 
suggesfs fhaf fhe high PCO2 in rivers is, in parf, due 
fo groundwafer inpufs (Kempe ef al., 1991; Mook 
and Tan, 1991). More recenfly, exporf of DIC from 
marshes was found fo rival fhaf of riverine exporf 
fo coasfal wafers of fhe Soufh Aflanfic Bighf (Wang 
and Cai, 2004). This work furfher proposed fhaf 
fhe pafhway of CO2 being fixed by marsh grasses 
and fhen exporfed fo coasfal wafers in fhe form of 



organic and inorganic carbon can be described as a 
“marsh CO2 pump." Ofher sfudies have shown fhaf 
marsh-influenced esfuaries are imporfanf sources 
of DIC fo adjacenf coasfal wafers (Raymond ef al., 
2000; Neubauer and Anderson, 2003). Recenf work 
also has documenfed fhe marsh pump in mangrove 
sysfems (Bouillon ef al., 2003). Average PCO2 for 
ofher esfuarine sysfems in Europe and fhe Unifed 
Sfafes indicafe fhaf esfuaries are nef sources of CO2 to 
the atmosphere (Table 3.6). Highly dynamic regions 
in estuaries, such as the ETM, can be particularly 
important as net sources of CO2 (Abril ef al., 2004). 
While recenf work has shown fhaf esfuarine plumes 
can be nef sinks of CO2, parficularly in fhe oufer 
plume region (Erankignoulle and Borges, 2001), 
overall esfuarine sysfems are generally nef sources 
(Borges and Eranginoulle, 2002). 

Mefhane is an imporfanf greenhouse gas in fhe 
afmosphere fhaf has a mean concenf ration (1.7 ppm). 
While fhis is considerably lower fhan fhaf of CO2 
(350 ppm), if has a greafer radiative forcing capabilify 
(Cicerone and Oremland, 1988). Despife fhe smaller 
global surface area of esfuaries relative fo fhe global 
ocean, fhe confribufion fo fofal global CH4 emission 
from esfuaries (ca 7.4%) is wifhin fhe range found 
for oceanic environmenfs (1-10%; Bange ef al., 1994). 
Recenf wafer-fo-air flux esfimafes indicafe fhaf esfu- 
aries confribufe 1. 1-3.0 Tg CH4/ year fo fhe global 
budgef (Middelburg ef al., 2002). Tidal creeks and 
marshes are fhe dominanf source of CH4 in esfuaries 
(Middelburg ef al., 2002). Groundwafer also fends fo 
be highly enriched in CH4 (Bugna ef al., 1996) and is 
likely responsible for fhe general increase in riverine 
CH4 wifh increasing river size (Jones and Mulholland, 
1998). Mefhane concenfrafions in rivers are f5rpically 
one fo fwo orders of magnifude higher fhan open 
ocean wafers (Scranton and McShane, 1991; Jones 
and Amador, 1993; Middelburg ef al., 2002). There 
exisfs a wide range of spatial and temporal variabil- 
ity in methane concentrations in rivers and estuaries 
(De Angelis and Scranton, 1993; Bianchi et al., 1996). 
Methane oxidation can be an important sink in estu- 
aries as well and is highly dependent on temperature 
and salinity — with lower oxidation rates at higher 
salinities (De Angelis and Scranton, 1993; Pulliam, 
1993). In fact, turnover of fhe dissolved CH4 pool can 
occur as fasf as 1.4-9 days in fhe upper Husdon River 
esfuary (USA; De Angelis and Scranfon, 1993) and less 
fhan 2 h fo 1 day in fhe Ogeechee River (USA; Pulliam, 
1993). In conclusion, fhere is considerable femporal 
and spatial variabilify in fhe sources and sinks of 
mefhane, wafer-fo-air fluxes, as well as mechanisms 
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TABLE 3.6 Average PCO 2 ranges for various US 
and European estuaries^ 



Estuary 


Number of 
Transects 


Average 
PCO 2 Range 
(ppmv) 


Altamaha (USA)* 


1 


380-7800 


Scheldt 


10 


496-6653 


(Belgium/Netherlands)'^ 




Sada (Portugal)"^ 


1 


575-5700 


Satilla (USA)* 


2 


420-5475 


Thames (UK)‘^ 


2 


485-4900 


Ems 


1 


560-3755 


(Germany/Netherlands)'^ 




Gironde (France)"^ 


5 


499-3536 


Douro (Portugal)'^ 


1 


1330-2200 


York (USA)* 


12 


352-1896 


Tamar (UK)'" 


2 


390-1825 


Hudson (NY, USA)^ 


6 


517-1795 


Rhine 


3 


563-1763 


(Netherlands)*^ 


Rappahannock 


9 


474-1613 


(USA)* 


James (USA)* 


10 


284-1361 


Elbe (Germany)** 


1 


580-1100 


Columbia (USA)^ 


1 


590-950 


Potomac (USA)* 


12 


646-878 




Average 


531-3129 



^The average range was obtained by averaging the low and 
high concentrations for each transect, and the estuaries are 
ranked by the high average range. 

*From Cai and Wang (1998) and Cai et al. (1999). 

“^From Frankignoulle et al. (1998). 

“^From Raymond et al. (2000). 

^From Raymond et al. (1997). 

^From Park et al. (1969). 

Source: Modified from Raymond et al. (2000). 

of transport (e.g., ebullition, dijfusion, and plant medi- 
ated) in estuarine systems (Bianchi, 2007; Bauer and 
Bianchi, ; Bianchi and Bauer, , and references therein). 

3.5.13 Transformations and Cycling 
of Dissolved and Particulate Organic 
Carbon (DOC and POC) 

Sources of POC and DOC in estuaries consist of a 
diverse mixture of allochthonous and autochthonous 
sources. Hydraulic residence time, river discharge, 
tidal exchange, and frequency of resuspension events 
are, to name a few, important physical controlling 
variables that determine the fate and reactivity of 
organic carbon in estuaries. Once again, in this section, 
only a very brief overview of POC and DOC cycling 
d 5 mamics in the waters and sediments of estuar- 
ies is provided, relying more on the background 
of organic carbon sources, chemical biomarkers, and 



bulk isotopic measurements (Bianchi, 2007; Bauer and 
Bianchi, ; Bianchi and Bauer, , and references therein). 

Concentrations of POC in many estuaries 
are strongly coupled with suspended sediment 
particulates, which may depend on river discharge 
and/or resuspension events. For example, in the 
Sabine-Neches estuary (USA), there is a significant 
increase in POC when total suspended particulates 
are lower than 20-30 mg/1 (Fig. 3.18; Bianchi et al., 
1997). This relationship has been found in large river 
systems; however, because of the higher suspended 
loads in many rivers, the increase in % POC of TOC 
typically occurs at less than 50 mg/1 (Meybeck, 1982). 

This general pattern is attributed to a dilution 
effect of sediment load on % POC at high river dis- 
charge and to an increase in phytoplankton produc- 
tion during high TSP and low light availability. Sea- 
sonal ranges of POC concentrations in San Francisco 
Bay and Chesapeake Bay estuaries are t 5 rpical of many 
estuaries and are not significantly different between 
systems (Canuel, 2001). Seasonal and temporal differ- 
ences in POC in both systems are generally controlled 
by river discharge and light availability. However, 
further analyses using fatty acid biomarkers reveals 
that phytoplankton represent a greater fraction of 
POC in Chesapeake Bay than in San Francisco Bay 
(Canuel, 2001). Thus, while bulk POC provides a 
general index of the overall loading of allochthonous 
and autochthonous C in the system, POC alone can 
be very misleading in terms of overall C cycling 
d5mamics. 

Salinity gradients of DOC concentrations have 
commonly been used to examine conservative and 
nonconservative behavior of DOC in estuaries (Guo 




FIGURE 3.18 Percent particulate organic carbon (POC) and 
total suspended particulates (TSP) in the water column 
from three regions of the Sabine-Neches estuary, sampled 
from March 1992 to October 1993. Source: Modified from 
Bianchi et al. (1997). 
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et al., 1999, and references therein). The t 5 rpical DOC 
mixing gradients for six different estuaries in the Gulf 
of Mexico clearly indicated that decreases in DOC 
concentration with increasing salinity are occurring 
nonconservatively (Fig. 3.19; Benoit et al., 1994). The 
concentrations of DOC at the lower salinity regions 
are due to riverine inputs of DOC . Seasonal variability 
of phytoplankton blooms can change the distribution 
of DOC in estuaries, whereby higher concentrations of 
DOC co-occur with the blooms in the lower estuarine 
region because of lower light attenuation rates. The 
lower salinity regions appear to be important sinks 
for DOC; this is within the region of the ETM where 
fractions of DOC can be removed by coagulation, 
flocculation, and other processes. 



Other important subcomponents of the total DOC 
pool are the high- and low-molecular-weight dis- 
solved organic carbon (HMW DOC and LMW DOC); 
the HMW DOC is sometimes referred to as colloidal 
organic carbon. If, for the moment, any effects that 
different techniques and filters may have on collect- 
ing the amounts and composition of HMW DOC are 
excluded, it is seen that there are significant differ- 
ences in the relative importance of HMW DOC in estu- 
aries. Sources of ITMW DOC could be derived from 
old soil materials, fresh litter from terrestrial runoff, or 
perhaps more labile algal sources (both benthic and 
pelagic) in the estuary. Radiocarbon values of two 
size fractions of HMW DOC reveal that the smaller 
size fraction (>1 kDa) was younger than the larger 
(>10 kDa), with both being higher in abundance in 
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FIGURE 3.19 Concentrations of dissolved organic carbon (DOC) across a salinity gradient in six Texas estuaries in August 
and October. Source: Modified from Benoit et al. (1994). 
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the lower salinity region of Galveston Bay estuary 
(USA; Guo and Santschi, 1997). These differences 
were affribufed to inputs of older HMW DOG (more 
geopolymerized) from porewaters in resuspended 
sediments. The importance of older HMW DOG from 
porewaters to estuarine waters has also been shown 
to be important in coastal bottom waters along shelf 
regions in the Mid Atlantic Bight (Mitra et al., 2000). 

This does not support the open ocean size- 
reactivity model proposed by Amon and Bermer 
(1996), which, simply stated, predicts that the "older" 
fraction of DOC will reside in fhe lower molecular 
weigh! classes, t 5 cpically af deeper water depths. 
However, the size-reactivity model is generally 
observed in oceanic waters because of fhe selective 
removal of labile "younger" C as POC produced in 
the euphotic zone sinks through the water column, 
accumulating the "older" smaller molecular weight 
DOC at depth (Amon and Benner, 1996; Guo et al., 
1996). 

Bulk radiocarbon and ^^C signatures of bofh 
fofal POC and DOC pools have also proven useful in 
constraining what their sources might be in estuaries 
(McCallister et al., 2004, and references fherein). For 
example, A^^C-DOC is always more ^^C enriched 
compared with A^^C-DOC along riverine margins 
of fhe US Easf Coasf estuaries (Raymond and Bauer, 
2001a). Since the ^^C-enriched DOC is also more 
depleted in ^^C, it appears that these differences 
are due fo greafer confribufion of ^^C-enriched soil 
and lifter-fall organic matter that is leached from 
soils. Similarly, recenf work has shown, using a 
dual-isotopic tracer approach of isotopic signatures 
(5^^C and A^^C) for bacterial nucleic acids collected 
from differenf regions and pofenfial C source mafe- 
rials, fhat fhere was good delineation of C sources 
from aquafic and ferresfrial systems in the York 
River estuary (McCallister et al., 2004). In general. 



the results from fhese dual-isotopic tracer studies 
indicate that the broad classification of organic C, 
and fhe interchangeable use of fhe terms old and 
refractory, is in many cases not valid. In fact, highly 
depleted ^^C (1000-5000 years old) in the Hudson 
River estuary appears to be an important labile 
source fueling heterotrophy (Cole and Caraco, 2001). 
Thus, the storage of organic maffer for cenfuries and 
millermia in soils and rocks can acfually become 
available fo aquatic microbes over periods of weeks 
to months (Petsch et al., 2001), completing a unique 
linkage between river metabolism and the history 
of organic maffer preservafion in fhe drainage basin 
(Cole and Caraco, 2001). 

In esfuarine sedimenfs, down-core concenfra- 
tions of bulk C indices, such as total organic C (TOC), 
5^^C, and C:N ratios can be used as a general index of 
fhe loading and sources of POC fo sedimenfs. There 
are a number of problems wifh using fhe C:N rafio as 
fhe only diagnostic indicator of organic matter source; 
however, if coupled wifh sfable isotope and chemical 
biomarker tools, sources are better constrained. If 
bulk C fools are simply used fo examine down-core 
sedimenf profiles, TOC and atomic C:N ratios in 
sedimenfs from the York River estuary (USA) clearly 
reflect a dominance of phytoplankton inputs, with 
a typical % TOC in surface sediments of estuar- 
ies, decreasing with diagenetic "burn-off" af depfh 
(Arzayus and Canuel, 2004). The bulk 5^^C signal also 
reflecfs inpufs of phytoplankton sources. Down-core 
profiles of porewafer bulk DOC and C:N ratios (of 
DOM) should also reflecf changes in rafes of POM 
remineralization. This is illustrated in down-core pro- 
files of DOC, C:N ratios, and ECO 2 at three stations in 
Chesapeake Bay (Fig. 3.20; Burdige and Zheng, 1998). 

Differences in fhese DOC profiles are confrolled 
primarily by differences in the physical and biogeo- 
chemical processes in sediments in the upper, middle. 



DOC (ocM) 






ECO2 (mM) 




FIGURE 3.20 Down-core profiles of porewater dissolved organic carbon (DOC), C:N ratios, and total ECO 2 at three stations 
in Chesapeake Bay. Source: Modified from Burdige and Zheng (1998). 
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and lower regions of the bay. More specifically, the 
higher porewater DOC concentrations at the mid- 
Bay station are due to higher remineralization and 
a greater storage of the remineralization "signature" 
(e.g., DOC and SCO 2 ), due to lower O 2 conditions 
and less physical mixing than at stations in the upper 
and lower regions of the bay. Changes in the C:N 
ratios of porewater DOM at these stations are likely 
due to differences in the selective utilization of N-rich 
DOM, and not due to differences in source inputs 
(e.g., terrestrial vs marine), as originally thought (Bur- 
dige, 2001). Thus, redox (more consistently anoxic vs 
"mixed" redox) and the presence/ absence of macro- 
fauna were the most important controlling factors in 
determining the remineralization of POM to DOM 
and overall storage of DOM in Chesapeake Bay sedi- 
ments. 



3.6 CONCLUDING REMARKS 

A major recent realization by earth, aquatic, and 
marine scientists is that virtually all systems have 
been already altered by both direct and indirect 
aspects of human activity and alteration. That is, our 
findings of the ecological and biogeochemical func- 
tion of these systems are increasingly biased away 
from natural to altered states. Human activities can 
have a variety of effects on watersheds, rivers, and 
estuaries, sometimes in opposite senses. Deforesta- 
tion, tillage, hydrological alteration, and irrigation- 
enhanced erosion have increased loads of sediments 
and particulate carbon to rivers. Widespread con- 
struction of dams, however, has resulted in significant 
retention of carbon and sediments in reservoirs (see 
reviews by Bauer and Bianchi, ; Bianchi and Bauer, ). 
Furthermore, the reduction of river-suspended loads 
by dams around the world has generally resulted in 
increasing light availability and the potential role of 
phytoplankton biomass in river and estuarine biogeo- 
chemistry. To better understand the anthropogenic 
effects, long-term monitoring studies on rivers and 
estuaries will continue to be valuable tools for assess- 
ing change due to both natural and human factors. 

Estuaries are tremendously sensitive to long-term 
global climate change. Changes in river discharge in a 
warming climate are predicted to be particularly large 
in Arctic regions as snow pack and glacial water reten- 
tion decreases and precipitation and runoff increase. 
Rising sea levels that outpace the growth of estu- 
ary mouth sills (or bars) could also subject previously 
protected estuaries to increased wave energy regimes, 
altering the depositional and redox environment on 



estuary floors. Dramatic fluctuations in major bio- 
genic nutrient (N, P, and Si) loading alone over the 
past 50- 75 years have undoubtedly led to fluctuations 
in C and organic matter fluxes and cycling in rivers 
and estuaries, which may be unprecedented over at 
least the Holocene, if not longer. Nonetheless, it is 
imperative that monitoring studies of rivers and estu- 
aries, not only to document changing hydrological 
conditions but also to assess changes in soil organic 
matter losses and concomitant changes in river and 
estuarine carbon and organic matter inputs are critical 
for providing baseline information for future studies 
and assessments of the impacts of these changes in 
river, estuarine, and coastal ocean biogeochemical 
cycles, metabolic balances, and ecosystem function. 
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t ESTUARINE PHYTOPLANKTON 



Hans W. Paerl and Dubravko Justic 



4.1 INTRODUCTION 



Phytoplankton means "drifting plant" in Greek. 
These planktonic microalgae comprise several taxo- 
nomic groups (e.g., chlorophytes, chrysophytes, cr}^- 
tophytes, cyanobacteria, diatoms, and dinoflagellates; 
Fig. 4.1) that conduct a large share of phofos 5 mfhesis 
and primary production and play a cenfral role in 
carbon, nufrienf (i.e., N and P), and oxygen cycling 
in esfuarine and coasfal wafers (joinfly fermed coastal 
waters). In mosf coasfal ecosysfems, phyfoplankfon 
accounf for af leasf half of ecosysfem primary pro- 
duction (Cloem, 2001; Harding ef al., 2002). Hence, 
phyfoplankfon are of fundamenfal imporfance in sup- 
porting esfuarine food webs. They are also key drivers 
of biogeochemical cycling and play a cenfral role 
in defermining wafer qualify. Phyfoplankfon have 
fasf growfh rafes, in fhe order of one doubling per 
day, and members of some groups (dinoflagellafes, 
crypfophyfes, and cyanobacferia) can proliferafe in 
explosive ways, forming dense "blooms" fhaf can 
discolor affecfed wafers and cause wafer qualify prob- 
lems (Paerl, 1988; Hallegraeff, 1993; Richardson, 1997; 
Anderson ef al., 1998). When blooms die or "crash," 
fhey can sink fo fhe seafloor, where fhey decompose 
rapidly and fuel high rafes of oxygen consumption, 
leading fo oxygen-deplefed boffom wafers (i.e., 
h 5 q?oxia and anoxia; Officer ef al., 1984; Rabalais and 
Turner, 2001; Diaz and Rosenberg, 2008). Some bloom 
species also produce foul odors and fasfes, which 
can be problematic from wafer supply, recreational. 



and aquaculfure perspectives. Lasfly, some species 
produce secondary mefabolifes fhaf can be toxic fo 
higher fauna (Carmichael, 2001), including zooplank- 
ton grazers, fish, and a variefy of mammals, including 
humans. 

A bulk of fhe phyfoplankfon exisfs as micro- 
scopic solifary cells, alfhough some form multicellular 
chains and ofhers form aggregafes fhaf are visible 
fo fhe naked eye. They exisf in several size classes, 
including fhe picoplankfon (<2 |xm), nanoplankfon 
(2-20 pm), and microplankfon (>20 pm). The 
relative confribufions of fhese size classes fo fofal 
phyfoplankfon biomass vary according fo nufri- 
enf sfafus, physical (femperafure, irradiance, and 
mixing), and hydrologic (freshwater discharge) 
conditions, as well as climatic regimes. Generally, 
phyfoplankfon cells are denser fhan wafer, having 
silica, cellulose, and/or carbonate componenfs, 
and fhus fend fo sink. Various mechanisms allow 
phyfoplankfon fo remain in fhe illuminated upper 
wafer column. Some cells remain easily suspended 
because of fheir diminufive size. Ofhers glide or 
acfively swim (i.e., flagella), while some adjusf fheir 
buoyancy by alfering cellular densify, or forming 
cellular vesicles fhaf confain gases or oils. Major 
phyfoplankfon groups (e.g., diatoms, dinoflagellafes, 
and cyanobacferia) form cysfs and inactive cells as 
"resting sfages" during unfavorable growfh periods 
fhaf sink fo fhe sedimenfs. These cells may be reacfi- 
vafed when favorable conditions reappear (Smefacek, 
1985). 
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FIGURE 4.1 Examples of the major estuarine phytoplankton groups and their diagnostic photopigments. Source: From Paerl 
et al., 2005. 



4.2 THE PLAYERS: 
PHYTOPLANKTON COMMUNITY 
COMPOSITION AND FUNCTION 

Coastal phytoplankton communities can be grouped 
taxonomically and functionally; each approach has 
specific relevance and application with regard to 
trophic and biogeochemical roles that these groups 
play. Taxonomically, the phytoplankton can be 
divided into prokaryotic and eukaryotic groups. 

4.2.1 Cyanobacteria 

Cyanobacteria are prokaryotic phytoplankton that 
have bacteria-like cellular features (i.e., lack of 
well-defined nucleus and no membrane bound 
organelles). The cyanobacteria exist in spheroid 
single or aggregated cells, aggregated or solitary 
nonheterocystous filamentous, and heterocystous 
filamentous groups (Stanier and Cohen-Bazire, 
1977; Komarek and Anagnostidis, 1986). Heterocysts 
are thick-walled cells that house oxygen-sensitive 
nitrogen (N2) fixation (Wolk, 1982), an important 
physiological process. This enables these taxa to 
simultaneously photos5mthesize and fix atmospheric 
N2, converting it to biologically available ammonia 
(NH3; Fogg, 1982; Paerl and Zehr, 2000). Nitrogen 
fixation provides biologically available N during 
N-limited conditions, which frequently characterize 
coastal waters. Some spheroid and nonheterocystous 
filamentous groups can also fix N2, mostly during 



darkness and in oxygen-deplete microenvironments 
(aggregates, biofilms, mats, and as endosymbionts). 
This can restrict their distributions (Paerl and Zehr, 
2000; Paerl and Kuparinen, 2002; Zehr and Paerl, 
2009). 

Interestingly, while N2 fixing cyanobacteria are 
capable of meeting their N requirements under N- 
depleted conditions, these diazotrophs (i.e., N-fixing 
taxa) rarely dominate the phytoplankton communi- 
ties in N-depleted estuaries. Notable exceptions are 
brackish, lagoonal, and periodically stratified waters, 
where water column stability and low salinity appear 
to favor this group (Paerl, 1990; Paerl and Zehr, 
2000). In the brackish Baltic Sea, extensive blooms 
of heterocystous filamentous genera {Aphanizomenon, 
Anabaena, and Nodularia) occur during vertically strat- 
ified summer months (Kononen et al., 1996). These 
blooms are significant sources of "new" N support- 
ing production and eutrophication of the Baltic Sea 
(Elmgren and Larsson, 2001). Other examples include 
non- or microtidal lagoonal estuarine systems such as 
Peel-Harvey Estuary in Australia {Nodularia; Huber, 
1986), Lake Ponchartrain, LA {Anabaena; Dortch et al., 
1999), and the subestuaries (Chowan, Neuse) of the 
lagoonal Pamlico Sound system, NC (Paerl et al., 
1983, 2001). Salinity does not appear to be a bar- 
rier to the expansion of diazotrophic cyanobacteria 
in estuaries (Moisander and Paerl, 2000; Moisander 
et al., 2002a). Grazing pressure, likewise, does not 
explain the puzzling lack of diazotrophic cyanobacte- 
rial dominance (Paerl et al., 2001). However, physical 
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constraints, including excessive turbulence, persis- 
tent vertical mixing, and high rates of flushing (i.e., 
shorf residence time) fhaf characferize many of fhe 
world's esfuarine and coasfal ecosysfems, prevenf 
dominance by fhese ofherwise opporfunisfic genera 
(Paerl and Zehr, 2000; Moisander ef al., 2002b). This 
may help explain why chronic N limifafion persisfs 
in fhese sysfems, (i.e., biological N 2 fixation carmof 
meef ecosysfem N demands). 

Blooms of fhe heferocysfous N 2 fixing cyanobac- 
feria can produce a variefy of odor and fasfe 
compounds (geosmins and 2-mefhylisoborneol), ren- 
dering affecfed wafers unsuifable for consumption, 
aquaculfure, and recreational purposes (Sfewarf 
and Falconer, 2008). Lasfly, some cyanobacferial 
bloom species produce alkaloid, pepfide, and ofher 
compounds fhaf can be foxic on ingestion or confacf 
with affected waters (Carmichael, 1997, 2001; Stewart 
and Falconer, 2008). 

The subtropical-tropical oceanic, nonheterocys- 
tous, filamentous N 2 fixing genus Trichodesmium can, 
at times, make excursions into coastal waters when it 
is carried in major currents (Atlantic and Gulf of Mex- 
ico Gulf Sfream, Kuroshio currenf in fhe Soufh China 
Sea) thaf fake if close fo coasfal regions. Trichodesmium 
blooms can be specfacular when concenfrafed in 
fhese currenf sysfems, forming yellow-brown slicks of 
aggregated filaments, referred fo as sea sawdust (Fogg, 
1982; Paerl, 1999). Trichodesmium blooms can provide 
a major source of "new" N supporfing primary pro- 
duction in these waters (Capone et al., 1997). They 
also produce secondary metabolites that may play 
a role in deterring grazing by dominant crustacean 
zooplankton (Flawser et al., 1992), and thereby affect 
food web d 5 mamics. 

The remaining non-N 2 fixing cyanobacferial 
genera make up an important, and at times domi- 
nant, fraction of esfuarine phytoplankton biomass. In 
particular, small (<3 pm) coccoid "picoplanktonic" 
cyanobacferia {Synechococcus spp. and Prochlorococcus 
spp.) can af times consfifufe more fhan 50% of 
esfuarine phytoplankton (Marshall and Lacoutre, 
1986; Ray et al., 1989; Gaulke et al., 2010). 

The eukaryotic coastal phytoplankton are parti- 
tioned into the following major groups: fhe chloroph- 
yfes — or green algae, fhe crypfophyfes — dominated 
by cr 5 q)fomonads, fhe chrysophyfes — dominated 
by numerous flagellafes, fhe bacillariophyfes — or 
diafoms, fhe prymnesiophyfes, and fhe dinophyfes — 
or dino flagellafes. Each group plays an imporfanf 
role in primary producfion, food web dynamics, 
and biogeochemical cycling. They also differentially 
(and af times uniquely) respond fo nufrienf enrich- 
menf, hydrologic forcing (freshwater discharge and 



salinity regimes), irradiance gradients, and grazing 
pressures. 

4.2.2 Chlorophytes 

Chlorophytes or "green algae" are common and at 
times dominant in the low salinity, upstream seg- 
ments of esfuaries (Tomas, 1997). They exisf as free- 
floafing solifary or aggregated cells varying in size 
and shape, from small coccoid cells (2- to 5-pm diam- 
eter) resembling the picoplankton to larger ovoid- 
and disk-shaped cells (the desmids) that can exists 
as small groups of sfacked cells (e.g., Scenedesmus). 
The chlorophyfes also confain flagellafed genera (e.g., 
Chlamydomonas) fhaf can accumulafe as brighf-green 
blooms. Chlorophyfes have relatively fasf growfh 
rafes and fhrive in well-flushed, shorf residence fime, 
low salinify wafers. These wafers fend fo have ele- 
vated nutrient concentrations, favoring fasf-growing 
species. While fhe chlorophyfes can form blooms, 
fhere are no known foxic species and hence blooms 
are nof considered fo be particularly "harmful." Large 
accumulations of ungrazed cells can, however, con- 
fribufe fo bottom water h 5 rpoxia by sinking out of fhe 
illuminated euphofic zone. 

4.2.3 Cryptophytes 

Cryptophytes, while faxonomically disfincf from fhe 
chlorophyfes, have similar morphological and ecolog- 
ical characteristics. Cr 5 rptophyfes are similar in size 
fo fhe chlorophyfes and possess flagella, which help 
them maintain an optimal position, relative to light 
and nutrient conditions, in the upper water column 
(cf., Tomas, 1997; Re 5 molds, 2006). Almost all cr)^)- 
tophytes are unicellular and ovoid in shape (e.g., the 
genus Cryptomonas). They are asymmetric, with two 
unequal flagella located on one end of fhe cell. These 
serve as forward and reverse "fhrusfers," propelling 
fhem in a disfincf (from chlorophyfes) and highly 
effective marmer. Mosf cr 5 rptophyfes also have an 
"oral groove," which helps fhem capfure small prey 
items, such as bacferia. This provides considerable 
mefabolic flexibility, enabling the cells to function in 
photos 5 mthetic autotrophic and heterotrophic modes. 
Some cr 5 q)tophytes have "lost" their photos 5 mthetic 
apparatus (e.g., Goniomonas spp.); hence, they derive 
all their nutrition heterotrophically. The photos 5 m- 
thetic cr 5 qjtophytes contain chlorophylls a and C 2 , 
xanthophylls, and an either blue or red phycobilipro- 
tein. This imparts a brownish, reddish, or even bluish 
color to blooms. Their preferred habifaf is fresh fo 
brackish nufrienf -enriched wafers. As a resulf, blooms 
are often observed jusf upsfream of sfrong salinify 
gradienfs, in fhe oligohaline regions of esfuaries. 
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Blooms are not known to be toxic. The most "harm- 
ful" aspect of fhese blooms is fhat fhey can contribufe 
significanf amounfs of organic maffer fo boffom 
wafers when fhey die, potenfially enhancing hypoxic 
condifions. 

4.2.4 Chrysophytes 

Chrysophytes confain chlorophyll a and a yellowish- 
brown carofenoid pigmenf called fucoxanthin. Blooms 
fypically appear light brown to golden in appear- 
ance. Most species are free-swimming (flagellar) and 
unicellular, buf some exisf as colonial forms. Chrys- 
ophytes have complex life cycles and some may 
spend parf of their life as amoeboid cells. They also 
have quife complex morphologies. For example, fhe 
freshwafer genus Dinobryon has individual cells fhaf 
are surrounded by vase-shaped loricae, composed of 
chitin fibrils and other polysaccharides. The colonies 
grow as branched or unbranched chains. A colonial 
form, Synura, has cells fhaf are covered by silica 
scales. Some species are colorless, buf mosf confain 
phofos 5 mfhefic pigmenf s. They exhibif a greaf deal of 
mefabolic flexibilify; for example, fhey can be facul- 
fative heferofrophs in fhe absence of lighf or when 
high concentrations of dissolved organic matter are 
present. 

In recent years, the toxic picoplanktonic chryso- 
phyte Aureococcus anophagejferens and related species 
have proliferated as "brown tides" in estuaries along 
the US Northeast and mid-Atlantic as well as some of 
fhe Texas Gulf of Mexico lagoonal esfuaries (Bricelj 
and Lonsdale, 1997; Gobler ef al., 2002). This motile 
species has bloomed af densities high enough fo effec- 
fively "shade ouf" boffom-dwelling higher planf (sea- 
grass) and benfhic microalgal communifies, leading fo 
increases in h 5 rpoxic condifions, and adversely affecf- 
ing bottom habifaf for infauna, including commer- 
cially imporfanf shellfish species. The recenf upsurge 
of this chrysophyte appears linked to a complex 
set of biogeochemical changes brought about by 
droughts, excessive groundwater withdrawal, and 
nutrient enrichment in nearby coastal regions, which 
have locally increased salinity, nutrient, and organic 
matter concentrations. In addition, increased h 5 rpoxia 
and other adverse effects on the infauna in these 
habitats have reduced grazing on this organism, fur- 
ther increasing its dominance (i.e., positive feedback; 
Gobler ef al., 2002). 

4.2.5 Diatoms 

Diatoms belong fo fhe class Bacilariophyceae of fhe 
phylum Bacilariophyfa. They are among the most 



abundant, widespread, and productive phytoplank- 
ton in coastal waters and serve a central role in 
planktonic food webs (Hasle ef al., 1996). Diatoms 
fend fo prefer wafers wifh moderafe fo high nufrienf 
concenf rations. They are capable of very fasf growfh 
rates, on fhe order of two doublings per day or even 
faster, and as such tend to bloom during springtime, 
when relatively high nutrient loads often coincide 
with maximum freshwater runoff condifions or when 
upwelling mighf fake place. In general, diafoms are 
an excellenf source of food for grazers, including 
zooplankton, benthic filter feeders, larvae, and plank- 
fivorous fish (e.g., menhaden). Several diatom genera 
{Rhizosolenia and Hemiaulus) have species capable 
of hosfing endosymbiofic N 2 fixing cyanobacteria, 
which facilifate growfh under N-limifed condifions. 

Morphologically, diafoms are complex, as fheir 
siliceous cell walls or frusfules fake on many differ- 
enf shapes and sizes. There are two major groups, 
defined by fhe general shapes of fhe frusfules, fhe 
boaf-shaped permafes and round, pill-box-shaped 
cenfrafes. Permafe diafoms are generally indicative 
of benthic forms, buf fhey are often resuspended 
from fhe boffom fo become imporfanf in plank- 
fon communifies. Diatoms occur as either solitary 
or joined (in chains) planktonic cells or attached to 
a substratum by means of gelafinous extensions or 
long chains. Some species are capable of movement 
via "jet propulsion" accomplished through mucilagi- 
nous excretions, while other species are free floafing 
and are dependenf on currenfs for transport. Diatoms 
have complex life cycles fhat involve benthic "resting 
stages" that tend to occur after an extended pelagic 
growth phase (Smetacek, 1985). Diatom cells range in 
size from 2 pm fo well over 100 pm. Because fhey rely 
on silicon for cell wall formation, growfh, and repro- 
ducfion of diafoms may, af times, be confrolled or 
"limited" by silicon supply. Silicon limitation can be 
particularly evident when nitrogen and phosphorus 
supplies are elevated relative to silicon as a result of 
"culfural eufrophicafion" (Officer and Ryfher, 1980; 
Turner ef al., 1998; Humborg ef al., 2008). 

Diafoms are considered highly desirable phy- 
foplankfon in esfuaries, in fhaf fhey supporf key 
plankfonic and benfhic food webs (Hasle ef al., 1996; 
Tomas, 1997; Re 5 molds, 2006). However, some species 
produce toxins that may be harmful fo residenf graz- 
ers and higher level consumers, including man. One 
foxic genus, Pseudonitzchia, can be problemafic, and 
if appears fo have increased in bloom frequency in 
response fo eufrophicafion in the Mississippi dis- 
charge plume of fhe norfhern Gulf of Mexico and 
ofher esfuaries (Parsons ef al., 2002). The causes of 
Pseudonitzchia blooms are unclear buf may be relafed 
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to overall increases in nutrient loading and shifts in 
ratios of nufrienf supply (Parsons ef al., 2002). 

4.2.6 Prymnesiophytes 

Prymnesiophytes, or haptophytes, include abouf 500 
species in 50 genera, with many additional fossil gen- 
era and species, mosf notably the coccolithophorids. 
This group is primarily unicellular, photos 5 mthetic, 
and constitutes an important source of food in coastal 
waters (Tomas, 1997). Prymnesiophytes, while con- 
taining chlorophyll, are often a golden-brown color 
because of the presence of fhe carotenoid accessory 
pigments diadinoxanthin and fucoxanthin. Prymne- 
siophytes may have a complex life cycle, alfering 
between motile and nonmotile morphologies. Many 
prymnesiophytes are covered with scales, which, 
such as diatoms, can lead to complex architecture. 
They also have spines and various species have quite 
diverse morphologies. They may be calcified (calcium 
carbonafe) and rarely comprise silica plafes. 

Prymnesiophyfes of fhe genus Chrysochromulina 
form blooms fhaf can cause serious fisheries prob- 
lems. Large blooms, such as fhose fhaf have been 
reporfed in fhe Baltic Sea region are problematic 
because of fhe mucilage surrounding the algal cells, 
which may clog fish gills and also render fhem per- 
meable fo dissolved toxins (cf., Richardson, 1997). 
Another problem with blooms is the production of 
dimefhyl sulfide, a noxious-smelling compound fhaf 
can alter fish migration routes, adversely affecting 
the ecology and sustainability of commercial and 
recreational fish species. 

4.2.7 Dinoflagellates 

Dinoflagellates are unicellular, highly evolved phy- 
foplankters thaf are morphologically and function- 
ally diverse. Their cell sizes range from less fhan 
10 |xm fo over 1000 pm (Hasle ef al., 1996; Re 5 molds, 
2006). Dinoflagellafe means “whirling flagella." Each 
dinoflagellafe has two flagella, facilifafing rapid for- 
ward and lateral movement. Dinoflagellates are sur- 
rounded by a complex covering called the amphiesma, 
which consists of oufer and inner continuous mem- 
branes, and between which lie a series of flatfened 
vesicles. In armored forms, fhese vesicles contain cel- 
lulose plates called thecae. If this armor is lacking 
or shed under certain environmental conditions, the 
cells are "naked." 

Most dinoflagellates are photos 5 mthetic, possess- 
ing chlorophyll a and accessory pigments, including 
the diagnostic carotenoid peridinin. Dinoflagellates 
are important and at times dominant estuarine pri- 
mary producers, sustaining the grazing component 



of fhe food web. Some dinoflagellafes are faculfafive 
heterotrophs, engulfing and ingesting bacteria and 
smaller phytoplankton as prey and also consuming 
dissolved organic carbon compounds. Even though 
their growth rates are generally slower than chloro- 
phytes, cr 5 qjtophytes, and diatoms, dinoflagellates 
can form large, and in some cases harmful, blooms 
in esfuaries. Examples include several red fide 
species (e.g., Karenia brevis and Noctiluca spp.) fhat 
are toxic to a wide variety of finfish, shellfish, and 
ofher fauna, including humans. These organisms 
are often of oceanic origins buf can enfer and 
proliferafe in estuaries, especially during summer 
months (Hasle et al., 1996). These dinoflagellates 
produce neurotoxins that affect muscle function in 
susceptible organisms. Humans may also be affected 
by eating fish or shellfish containing the toxins. The 
resulting diseases include ciguatera (from eating 
affecfed fish) and paralytic shellfish poisoning (from 
eating affected shellfish, such as clams, mussels, and 
oysfers); fhey can be serious buf are nof usually fafal. 
Ofher more exclusively esfuarine toxic dinflagellates 
include Karlodinium, Gymnodinium, and Prorocentrum 
species (Hasle ef al., 1996). These species produce 
toxic subsfances that have been implicated in fish 
kills. Their increased presence and proliferafion 
has been linked fo eufrophicafion. Ofher nonfoxic 
dinoflagellate blooms are linked to seasonal patterns 
of freshwafer runoff, salinify, and lighf regimes. 
These blooms are often composed of highly desirable 
nonfoxic genera (e.g., Heterocapsa) fhaf are of cenfral 
imporfance in supporting estuarine food webs. 
One of the more interesting biological properties 
of dinoflagellafes is the ability of some species fo 
produce lighf through bioluminescence, the same 
mechanism that makes fireflies glow. In addition, 
fhere are some dinoflagellafes fhaf are parasifes on 
fish or on other protists (Hasle et al., 1996). 

4.2.8 Phytoplankton Communities 

Phytoplankton communities are d 5 mamic multi- 
species assemblages that exhibit spatial patchiness 
(microns to meters) and temporal variability over 
scales ranging from minutes to days (Dustan and 
Pinckney, 1989). Because these primary producers 
play a central role in the regulation of esfuarine 
biogeochemical cycling, detailed characterizations 
of fhe community-level processes that structure 
phytoplankton communities are essential for under- 
sfanding overall ecosystem d 5 mamics. A critical 
prerequisite for characferizing fhese processes is 
the ability to determine the taxonomic composition 
of nafural phyfoplankton assemblages reliably and 
accurately. 
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The high degree of inherent spatiotemporal vari- 
ability at the ecosystem scale requires that analytical 
approaches for describing phytoplankton taxonomic 
diversity be applicable for processing large numbers 
of samples quickly with minimal cost. The most 
reliable technique for enumerating single species 
in mixed phytoplankton samples is microscopic 
counts, but these are tedious, require a high level of 
expertise, and are costly. In addition, species-level 
identification and enumeration may not be necessary 
for examining larger scale phytoplankton impacts on 
biogeochemical cycling and trophodynamics. Often, 
examinations at courser taxonomic levels (i.e., class 
and group) are effective and make quantification 
easier. Chemosystematic pigments encoding specific 
functional phytoplankton groups (i.e., diatoms, 
chlorophytes, dinoflagellates, cyanobacteria, and 
cr 5 q)tomonads. Fig. 4.1) can also be used (Jeffrey et al., 
1997, 1999). In particular, carotenoids specific for 
different algal groups provide diagnostic biomarkers 
for determining the relative abundance of key phyto- 
plankton groups. Photopigment extracts from natural 
microalgal samples can be separated and quantified 
by high performance liquid chromatography (Millie 
et al., 1993; Wright et al., 1996; Paerl et al., 2003). 
Photopigments that have been used as markers are 
shown in Figure 4.1 and detailed in the study by 
Paerl et al. (2003). When compared to total phyto- 
plankton biomass (based on chlorophyll a) and cell 
counts, diagnostic photopigments can quantitatively 
determine the contributions of each phytoplankton 
group (Tester et al., 1995; Lewitus et al., 2005). 

Molecular techniques that are useful for assess- 
ing phytoplankton diversity are rooted in organic 
chemistry and fundamentally rely on obtaining an 
informative molecule (e.g., nucleic acid) from phy- 
toplankton cells. The following paragraphs outline 
some of these molecular techniques. References are 
provided for students who want to acquire more 
information on this subject. DNA is a commonly tar- 
geted molecule used in diversity studies, although 
RNA may also be used. Both nucleic acid forms are 
informative molecules because they contain a "code" 
or series of nucleotides. Stretches of nucleotides can 
be specifically amplified (using primers and the Poly- 
menrase Chain Reaction, PCR), cloned, sequenced, 
and then these sequences can be compared by various 
phylogenetic analyses (e.g., phylogenetic tree build- 
ing). Diversity estimates can be done based on the 
number of individual sequences obtained per cloning 
effort (rarefaction curves). 

Commonly, rRNA genes are targeted and 
sequenced to study genus-level phytoplankton 
diversity. This is primarily due to the vast number 



of publically available rRNA sequences obtained to 
originally study the evolution of life (Woese and Fox, 
1977; Pace et al., 1985). Because of the conserved 
nature of rRNA genes, the phylogenetic resolution 
(i.e., ability to distinguish phytoplankton) is limited 
to around the genus level. Other genomic regions 
that evolve more rapidly than rRNA genes, such as 
the ITS region, the rRNA intergenic spacer region, or 
other intergenic regions (Urbach et al., 1998; Rocap 
et al., 2002) can better differentiate populations to a 
subgenus level. Also, protein encoding genes have 
been targeted for diversity studies that are focused 
on the diversity of organisms capable of a particular 
metabolic activity such as nifFI encoding for the 
nitrogenase enzyme or rbcL encoding for RuBisCO 
subunit 0ohn et al., 2006; Zehr and Paerl, 2009). 
With a sequence database in hand, fingerprinting 
techniques (e.g.. Terminal Restriction Fragment 
Length Polymorphism, TRFLP, Automated rRNA 
Intergenic Spacer Analysis, ARISA, or Denaturing 
Gradient Gel Electrophoresis, DGGE; e.g., Diez 
et al., 2001) can be used to distinguish differences in 
phytoplankton communities between samples. 

RNA is also a useful and targetable molecule 
for studying phytoplankton diversity. Largely due 
to the susceptibility of RNA to enzyme degradation, 
its use first requires reverse transcription to cDNA. 
Recently, applied approaches utilize an amplification 
step before cDNA s 5 mthesis, so that small quantities 
of RNA that can be quickly and efficiently sampled 
can still be used for sequence analysis (Erias-Lopez 
et al., 2008). Examining the sequence diversity of 
RNA provides an indication of phytoplankton that 
are presumably active in the environment (where 
as DNA is indicative of presence or absence). Eor 
example, rbcL transcripts recovered off the coast of EL 
were indicative of shifts in the major phytoplankton in 
the Mississippi River plume region (Paul et al., 2000). 

With a core sequence library, several approaches 
can then be taken to examine diversity further. Eor 
example, quantitative PGR (qPGR) may be used 
to enumerate portions of phytoplankton diversity 
across samples. More and more researchers are 
turning to high throughput methods to obtain 
sequence data. Recent approaches have aimed to 
b 5 rpass the necessity of PGR amplification (which 
may have influential biases) for diversity studies 
by collecting large amounts of biomass from the 
environment and directly sequencing molecules 
from this biomass. Despite impressive bioinformatic 
and high yield sequencing advances, the diversity of 
phytoplankton (and heterotrophic plankton) in the 
environment is still too high for random sampling to 
be useful for assessing diversity (Venter et al., 2004). 
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Targeted high throughput sequencing in this manner 
(e.g., targeting variable regions of the 16S rRNA 
gene) appears to carry some value for assessing 
diversify (Huse ef al., 2008). 

4.3 SPATIAL AND TEMPORAL 
PATTERNS OF PHYTOPLANKTON 
BIOMASS AND PRODUCTIVITY 

Phyfoplankton offen account for at least half of 
ecosysfem primary production in coasfal wafers. 
Their rafes of primary producfion are remarkably 
variable and range from near undefecfable fo several 
gC/m^/day. Phyfoplankton also have fasf growfh 
rafes. Hence, fhey can rapidly respond fo diverse 
chemical (nufrienfs and foxicanfs), physical (lighf, 
femperafure, and furbulence), and biofic (grazing) 
impacfs over a wide range of concentrafions and 
infensifies. Changes in phyfoplankton communities 
offen precede changes in ecosysfem funcfion, includ- 
ing shifts in material flux, oxygen balance, food webs 
and fisheries, and pofenfially, permanenf losses of 
higher planf and animal assemblages. 

Coasfal phyfoplankton communities f 5 q)ically 
show sfrong seasonal and spatial disfribufions. This 
is illusfrafed for Pamlico Sound and Chesapeake Bay, 
two of fhe largesf esfuarine systems in fhe United 
Sfafes (Figs 4.2 and 4.3). In bofh systems, fhe disfri- 
bufion of phyfoplankfon biomass, as chlorophyll a, 
is sfrongly influenced by fhe delivery of freshwater 
(i.e., discharge), which also delivers wafershed-based 
nufrienfs fo supporf new primary producfivify 
and fhe development of phyfoplankfon biomass. 
In addition fo being a source of new nufrienfs, 
freshwater discharge also determines flow rafes, 
flushing, and resulfanf residence fime of esfuarine 
wafers, fhaf is, fhe amounf of fime if fakes for fresh 
wafer and nufrienfs delivered fo fhe esfuary fo move 
fhrough fhe system before exiting fo fhe coasfal 
ocean. Flushing rafes and residence fimes are sfrong 
deferminanfs of where fhe maximum amounf of 
phytoplankton biomass can develop and build up in 
response to nutrient inputs. For example, during high 
flow periods, nufrient delivery fo fhe system will 
be high. Simulfaneously, high flow will create shorf 
residence fime condifions, resfricfing phyfoplankton 
growth and biomass buildup to the most down- 
stream, widest and longest residence time segments 
of fhe esfuary, a phenomenon fhaf is illusfrafed in 
Figures 4.2 and 4.3. In fhe Pamlico Sound sysfem, 
high flow condifions f 5 rpically lead fo maximum 
phyfoplankfon biomass (as Chi a) in fhe downsfream 



segmenfs of fhe esfuaries and open wafers of fhe 
Sound ifself (Fig. 4.2), while under tow flow, long 
residence fime condifions, phyfoplankfon biomass 
maxima are f 5 rpically in fhe upper esfuarine regions. 

Mosf phyfoplankfon are phofofrophs; hence, pho- 
fos 5 mfhefic activities and growth rates are strongly 
controlled by the availability and quality of light 
(Cloem, 1999; Re 5 molds, 2006). Photos 5 mthetic as well 
as carbon and nutrient assimilatory processes, respi- 
ration, energy metabolism, and growth are mediated 
by enzymes that are temperature sensitive. As such, 
seasonality plays an important role in the control 
of phofosynfhefic producfion (primary producfion), 
biomass, and composifion (cf., Harrison and Turpin, 
1982; Marshall and Lacoufre, 1986; Malone ef al., 1996; 
Pinckney ef al., 1999; Valdes-Weaver ef al., 2006). T)^)- 
ically, maximum rates of primary producfion and 
growth occur during springtime when light and / or 
nutrient availability are both high, leading to spring 
bloom conditions . If nuf rienf availabilify remains high 
during summerfime fhrough inpuf and / or recycling, 
blooms may persisf fhroughouf fhis period. These 
are also periods of maximum femperafures, favoring 
relatively high growfh rafes. Nof all phyfoplankfon 
groups and individual species respond similarly fo 
shifting light, temperature, and nutrient gradients; 
this is largely due to the individual energetic, nutrient, 
and other requirements (e.g., water column stability, 
salinity, trace metals, pH, and dissolved inorganic car- 
bon) for supporfing and susfaining optimal growfh. 
Differenfial grazing on fhese groups and species may 
exerf selecfive "top-down" confrol. 

Some dinoflagellafe species show sudden, sfrong 
posifive responses fo increases in lighf levels and 
day length that occur in late winter. This, combined 
with increased nutrient-enriched runoff and a lack 
of intense grazing create ideal condifions for large 
blooms (e.g., Heterocapsa spp.) fhaf can occur as early 
as lafe January in temperate wafers (Paerl ef al., 1998; 
Lifaker ef al., 2002). 

Ofher phyfoplankfon groups dominate during 
spring and summer. T 5 rpically, diafoms fend fo 
bloom in early spring, because fhey exhibif relafively 
fasf growfh rafes, even at fairly low femperafures 
and hence can take advantage of early spring 
freshwafer runoff (Harding, 1994; Harding ef al., 
2002; Valdes-Weaver ef al., 2006; Harding and Miller, 
2009). If runoff is exfremely high such as during 
spring floods, large segmenfs of esfuaries can fum 
fresh; fhese condifions f 5 rpically favor chlorophyfes 
and a variefy of flagellafes (cr 5 rptomonads and 
chrysophytes), which prefer tow salinify, high 
nuf rienf supply condifions (Paerl ef al., 2006a,b; 
Valdes-Weaver ef al., 2006). Motile faxa such 
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FIGURE 4.2 Spatial relationships of phytoplankton biomass, as chlorophyll a (Chi a), and freshwater discharge to the Pamlico Sound System, NC. Surface water 
Chi a concentrations were estimated using aircraft-based SeaWiFS remote sensing (Courtesy L. Harding, University of Maryland), calibrated by field-based Chi a 
data. Under relatively low flow, long residence time conditions, phytoplankton biomass is concentrated in the upper reaches of the Neuse and Pamlico R. Estuaries. 
Under moderate flow, phytoplankton biomass maxima extend further downstream. Under high flow (short residence time), phytoplankton biomass maxima are 
shifted further downstream into Pamlico Sound. Source: Figure adapted from Paerl et al., 2007. 
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FIGURE 4.3 (a,b) Contrasting spring and summer Chi a distributions in the Chesapeake Bay, during May and July 2003. In 

May, when flow is high, a large diatom bloom extends into the lower Bay. During lower flow July, a dinoflagellate bloom 
was observed in the upper Bay. Courtesy of L. Harding, University of Maryland. 



as cryptomonads tend to bloom after diatoms, in part 
because they are capable of mainfaining fheir posifion 
in fhe upper wafer column once spring diafom blooms 
have ended and sedimenf-laden runoff have caused 
decreases in fransparency. Cryptomonads are also 
quite efficient in sequestering nutrients once diatoms 
blooms have reduced ambient nutrient levels. During 
summer months, when freshwater runoff is low- 
esf (and residence fime is highesf), and nufrienfs 
are deplefed, femperafures and vertical sfrafifica- 
fion are high, and slower-growing, highly efficienf 
nufrienf-ufilizing faxa such as picoplankfonic and 
N 2 fixing cyanobacferial species exhibif increased 
dominance. 

Lasfly, fhe acfivifies of microzooplankfon, macro- 
zooplankfon, and benfhic inverfebrafe grazers such 
as bivalves exerf seasonally variable and faxa-specific 
"fop-down" confrols on phytoplankton communify 
biomass, composifion, and succession (Sferner, 1989; 
Gobler ef al., 2002). In addition, microbial interac- 
tions, such as bacferial-phyfoplankfon consorfia and 
symbioses (Paerl and Pinckney, 1996) affecf phyto- 
plankton communify composifion and acfivify. Graz- 
ing and predafion seasonally and spatially (along 
fhe esfuarine salinify gradienf) inferacf wifh physi- 
cal and chemical (nufrienf) "boffom-up" confrols on 
phyfoplankfon communify sfrucfure and function. 
These multiple, inferacfing confrols ensure diversify 
of phyfoplankfon functional groups and species in 
hydrologically and biogeochemically variable coasfal 
ecosysfems. 



4.4 FACTORS CONTROLLING 
PHYTOPLANKTON PRODUCTIVITY 
AND COMMUNITY COMPOSITION 

4.4.1 Light 

Lighf is of fundamenfal imporfance in confrolling 
fhe acfivify, biomass, disfribufion, and composifion 
of phyfoplankfon. Phyfoplankfon use lighf in fhe 
400-700 nm parf of fhe visible lighf specfrum. This 
parf of fhe specfrum is termed photosynthetically active 
radiation or PAR. Bofh fhe insfanfaneous flux of 
lighf, or irradiance, and fhe fofal amounf of lighf 
available during daylighf fend fo be excellenf pre- 
dictors of phofos 5 mfhefic performance and primary 
production (Jassby and Plaff, 1976). Lighf availabil- 
ify is confrolled by fhe concenfrafion of key lighf 
affenuafing subsfances, furbidify, color, and pho- 
fopigmenfs (dominated by Chi a). Esfuarine furbidify 
may be due fo suspended sedimenfs, chlorophyll 
and ofher algal phofopigmenfs, and colored dis- 
solved organic matter confenf (Gallegos ef al., 1990). 
Togefher wifh surface irradiance, fhese componenfs 
defermine fhe affenuafion or exfincfion coefficienf 
K^. Vertical mixing rates and phyfoplankfon vertical 
migration capabilities also sfrongly affecf phofosyn- 
fhefic rates (Mallin and Paerl, 1992). Phyfoplankfon 
phofos 5 mfhefic response fo lighf can be described 
wifh phofos 5 mfhesis- irradiance curves. 
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FIGURE 4.4 (a) Relationships between dissolved inorganic 

N input and primary production in a North American 
and European estuarine and coastal ecosystems, (b) Rela- 
tionship between dissolved inorganic N input and phyto- 
plankton biomass, as mean annual chlorophyll a content of 
several Western Australian estuarine systems. Source: From 
Paerl, 2004, Twomey and Thompson, 2001; Nixon, 1980; 
1996. 

Under natural conditions (e.g., in situ bottle incu- 
bations), phytoplankton exhibit vertical photos 5 m- 
thetic rate patterns that closely follow the vertical 
distribution of ambient light. In clear waters and/or 
under conditions of high surface irradiance, phyto- 
plankton incubated at the water surface frequently 
experience light inhibition, while maximum rates of 
photos 5 mthesis usually occur at subsurface depths 
experiencing from approximately 30% to 70% of sur- 
face irradiance. In highly turbid waters, near-surface 
light inhibition is less common. The depth of max- 
imum photos 5 mthesis depends not only on optimal 
light but also on adequate nutrient availability and 
lack of appreciable grazing, which at times can effec- 
tively remove phytoplankton at rates exceeding the 
rate of primary production. Phytoplankton assem- 
blages are adapted to the fluctuating light regimes 



experienced in well-mixed surface waters (Marra, 
1978; Mallin and Paerl, 1992), with maximum rates 
often occurring under well-mixed conditions. Pre- 
sumably, mixed conditions ensure that exposure to 
optimal nutrient and nutrient regimes can be achieved 
near-simultaneously, enabling cells to maintain high 
rates of photosynthetic production. Falkowski (1980) 
showed that under vertically mixed conditions, algal 
cells can rapidly adapt to changing light and maxi- 
mize photos 5 mthesis by varying their photosynthetic 
pigment composition and enzyme concentrations, 
with response times of 1 h or less. Marra (1978) 
and Mallin and Paerl (1992) showed that algal cells 
rotated through a vertical series of depths often had 
significantly greater photosynthetic production, even 
though the total light available was the same in 
both cases. Platt and Gallegos (1980) developed a 
model simulating phytoplankton photoadaptation to 
demonstrate that a mixed-water column generated 
about 20% more photosynthesis than a static sys- 
tem. However, excessive vertical mixing, especially in 
deeper turbid waters, can be detrimental since it can 
force phytoplankton into completely dark, aphotic 
waters, where photos 5 mthesis ceases. 

Under vertically stratified conditions, phyto- 
plankton taxa that are able to adjust their position 
in the water column are frequently at an advantage. 
They can migrate to and maintain their position 
at light levels supporting optimal photos 5 mthetic 
production and growth, while periodically migrating 
into deeper, nutrient-rich waters to access essential 
nutrients supplies (Ralston et al., 2007). In particular, 
near-surface dwelling bloom taxa (some dinoflagel- 
late, cr 5 qjtophyte, and some cyanobacterial species) 
use such a strategy to maintain dominance when 
other factors conducive to bloom formation (elevated 
temperatures, lack of grazing, optimal flow, and 
residence time conditions) prevail. 

Light is fundamentally important in regulating 
phytoplankton productivity and nutrient uptake in 
turbid coastal ecosystems. Cole and Cloern (1984) 
showed that phytoplankton net production is directly 
proportional to the ratio of photic zone depth to water 
column depth for the weakly stratified San Francisco 
Bay. Mallin and Paerl (1992) and Harding et al. (1985) 
have shown similar relationships for the Neuse River 
Estuary, NC, and the Chesapeake Bay. These rela- 
tionships demonstrate the important interactive roles 
that clarity and vertical mixing play in regulating pri- 
mary production and phytoplankton growth, even 
in very shallow and turbid estuarine ecosystems (cf., 
Cloern, 1999, 2001). In Long Island Sound and Nar- 
ragansett Bay, the initiation of the winter -spring 
diatom blooms is closely related to increasing light 
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intensities (Riley, 1967; Hitchcock and Smayda, 1977). 
In North Carolina's Newport River and Neuse River 
Estuaries, late winter dinoflagellate blooms {Hete- 
rocapsa triquetra) closely track the increase in light 
intensities and duration during the winter-spring 
transition (Paerl et al., 1995; Litaker et al., 2002). Light 
plays a strong regulatory role with regard to nutrient 
(specifically nitrogen) uptake and assimilation (Flores 
et al., 2005), which are energy-dependent processes 
(cf., Huppe and Turpin, 1994). 

4.4.2 Nutrients 

Phytoplankton production requires a variety of inor- 
ganic and organic nufrienfs, including carbon (C), 
nifrogen (N), phosphorus (P), silicon (Si), mefals (mosf 
imporfantly iron), and frace elemenfs, as well as vita- 
mins such as B]^ 2 - Thfi most important are the so-called 
macronutrients (carbon, nitrogen, phosphorus, and 
silicon), and among these, nitrogen and phosphorus 
are most significant, largely because they are usually 
in shortest supply relative to demand. As a result, 
availability of fhese elemenfs confrols or "limifs" fhe 
rafes of phyfoplankfon-mediafed primary produc- 
tion (Ryfher and Dunsfan, 1971; Nixon, 1995, 1996). 
Furfhermore, because differenf algal species require 
these nutrients in different fixed proportions, fhe sup- 
ply ratios of fhese and ofher elemenfs (e.g., N/Si and 
N/Fe) modulafe fhe growfh and compefifive inferac- 
fions among phytoplankfon faxonomic groups (PTGs; 
Syreff, 1981; Dorfch and Whifledge, 1992; Sfolfe ef al., 
1994; Riegman, 1995; Jusfic ef al., 1995; Turner ef al., 
1998). 

Redfield and Daniel (1934) examined fhe amounfs 
and relafive proportions of nufrienfs in seawafer 
and relafed fhese fo cellular nufrienf confenf and 
ratios of fhe phyfoplankton. They found a remark- 
able consisfency in elemental composition of seawafer 
and marine phytoplankfon. The "Redfield ratios" of 
atomic weighfs of fhe elemenfs C:N:Si:P are in fhe 
order of 106:16:15:1. In time and space, however, fhis 
balance is nof consfant. If can be alfered by episodic 
nufrient inpufs or depletions from a variefy of human 
and nafural sources, which are modulafed by and 
delivered fo coasfal wafers by rainfall and runoff, 
groundwater, and oceanic inpufs. Nufrienf delivery 
fo coasfal waters generally occurs in a nonsteady, 
pulsed marmer, with several nutrients simultane- 
ously being close to limiting, creating "colimited" 
conditions. Although in estuaries N has been identi- 
fied as fhe mosf limiting nufrienf (Ryfher and Dun- 
sfan, 1971; Nixon, 1995; Graneli ef al., 1990; Paerl ef al., 
1995; Elmgren and Larsson, 2001; Figs 4.4 and 4.5), N 
and P colimifafion is also commonly observed (Boyn- 
ton and Kemp, 1985; Malone ef al., 1996), especially 



in fhe low salinify, upsfream segmenfs of esfuaries 
(Fig. 4.6; Fisher ef al., 1988; Paerl ef al., 1995) and 
in brackish wafer delfaic regions where large rivers 
(e.g., Mississippi) discharge fo fhe coasfal ocean (Syl- 
van ef al., 2006). N and P colimifafion as well as more 
exclusive P limitation are most evident during peri- 
ods of elevafed freshwafer runoff, which fend fo be N 
enriched (Fisher ef al., 1988; Sylvan ef al., 2006). Under 
fhese conditions, fhe molar "Redfield ratio" of N:P 
(16:1) can be greafly exceeded, sometimes reaching 
200:1, leading fo sfrong P limifafion. 

Cerfain phytoplankfon groups have highly spe- 
cific nufrienf requiremenfs. The mosf nofable are 
diatoms, which have siliceous cell walls or frus- 
tules. While this provides for sfrong, morphologically 
diverse cell walls, if also makes fhis group relianf on 
adequate silicon (Si) supplies. Silicon is a producf of 
weafhering of upsfream siliceous soils. If fhese soils 
are absenf or sparse. Si supply may be limifed. In addi- 
tion, the supply ratio of Si fo ofher potentially limiting 
nutrients (N and P) may dictate the relative availabil- 
ity of one or several nufrienfs in order fo mainfain 
(nufrienf) balanced or "Redfield" growfh (Redfield, 
1958). Hence, if elevated N and /or P loadings occur as 
a result of human or climatic perturbations, the sup- 
ply rate of Si may become limiting, leading fo changes 
in fhe phytoplankfon communify composifion. This 
appears fo be fhe case in fhe norfhern Gulf of Mex- 
ico region where Mississippi River discharge supplies 
excess N and P relafive fo Si (Jusfic ef al., 1995; Turner, 
2001). Sedimenfological evidence indicates fhaf fhe 
abundance of fhe lighfly silicified (and hence rel- 
atively low Si-requiring) diatom Pseudonitzschia has 
increased since fhe 1950s, coincidentally with increas- 
ing riverine N flux and increasing N:Si ratios (Parsons 
et al., 2002). Some Pseudonitzschia species produce 
toxins, so Si deficiency could lead fo more frequenf 
toxic diatom blooms (Dorfch ef al., 2001). In addition, 
because fhe abundance of copepods decreases when 
Si:N rafio falls below 1, fhe diafom-copepod-fish food 
web maybe disrupted under fhese condifions (Turner 
ef al., 1998; Turner, 2001). 

4.4.3 Temperature 

The effecfs of femperafure on phyfoplankton were 
provided in an excellenf review by Eppley (1972). 
He nofed fhaf femperafure -response curves for phy- 
foplankfon growfh and phofos 5 mfhesis were similar 
for mosf algal species sfudied, wifh relafively rapid 
declines in producfion af femperafures in excess of 
their optima. Goldman (1979) showed that temper- 
ature optima for five coasfal phyfoplankton species 
fell in fhe range of 20-25 °C. Moreover, if appears 
fhaf cellular nifrogen confenf is inversely relafed 
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Nutrient Addition Bioassay Experiment, T1 




FIGURE 4.5 Results from nutrient addition bioassays conducted at three locations in the Neuse River Estuary, NC. 
Phytoplankton growth response was measured as accumulation of chlorophyll a after 3-day incubation under natural light 
and temperature conditions. "C" indicates controls, in which no nutrients were added. Nitrogen was added as either 
ammonium (NH 4 ) or nitrate (NO 3 ) at 10 p-M N concentrations. Phosphorus was added as phosphate (PO 4 ) at 3 pM P. These 
summertime bioassays indicate N limitation, which is most profound at more saline downstream locations. Note that per 
amount of N, ammonium was more stimulatory than nitrate. Source: Reprinted from Paerl and Piehler, 2008, with permission 
from Elsevier. 



to the temperature-regulated growth of these algal 
populations, possibly indicating relatively greater 
effects of temperature on carbon versus nitrogen 
metabolism. Temperature evidently exerts a selec- 
tive force for populations whose temperature optima 
coincide indirectly with environmental conditions, 
including vertical stratification, nutrient availability, 
regeneration, and solubility. 



Some phytoplankton taxa are more strongly reg- 
ulated by temperatures than others. For example, 
cyanobacterial growth t5rpically exhibits temperature 
optima in the range of 25-30 °C, which is substan- 
tially higher than other phytoplankton groups. The 
fact that cyanobacteria "like it hot" has been linked 
to an upsurge in cyanobacterial blooms and geo- 
graphic expansion of such blooms (relative to other 
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FIGURE 4.6 Seasonal and spatial patterns of N and P limitation determined from nutrient addition bioassays conducted on 
Chesapeake Bay from its relatively fresh headwaters to the saline entrance to the Atlantic Ocean. Source: Data from Fisher 
et al., 1999, actual figure T. R. Fisher, personal communication. 



phytoplankton blooms) accompanying regional and 
global warming (Paerl and Huisman, 2008, 2009). 

4.4.4 "Top-Down" Control: Herbivory 

Zooplankton, benthic filter feeders, larval and cerfain 
juvenile, and adulf fish are fhe primary consumers 
of coasfal phyfoplankfon. The zooplankfon are 
commonly divided info several size classes, fhaf 
is, microzooplankfon (<200 pm), mesozooplankfon 
(0.2-2 mm), macrozooplankfon (2-20 mm), and 
megazooplankfon (>20 mm). The relafive confri- 
bufions of fhese size classes fo fofal phyfoplankfon 
biomass can vary subsfanfially. In ferms of num- 
bers, fhe mosf abundanf zooplankfers in coasfal 
ecosysfems are microzooplankfon. This cafegory 
includes all heferofrophic profisfs and profozoans. 
The mesozooplankfon includes calanoid copepods, 
cladocerans, and fhaliacean funicafes. 

Zooplankfon grazing represenfs an imporfanf 
confrol of phyfoplankfon biomass and communify 
composition; however, ifs impacf varies wifh facfors 
such as seasonalify, vertical mixing, freshwafer flush- 
ing, and residence time. Phyfoplankfon generally 
have fasfer growfh rafes fhan zooplankfon, which can 
resulf in phyfoplankfon blooms fhaf accumulafe more 
quickly fhan fhe zooplankfon fhaf graze fhem. As a 
resulf, some rapidly growing bloom faxa can prolif- 
erafe in a seemingly unabafed marmer. These blooms 
are primarily limifed by fhe nufrienf supply. This 
is especially frue for phyfoplankfon species fhaf are 
capable of blooming during winfer and early spring, 
when wafer femperafures are too low fo supporf 



rapid growfh of zooplankfon grazers. During fhese 
periods, phyfoplankfon biomass and composition are 
largely conf rolled by physical -chemical facfors such 
as lighf and nufrienf availabilify. This t 5 rpe of confrol 
is fermed bottom up. As wafer femperafures warm 
up in spring and summer, zooplankfon growfh rafes 
are enhanced and biomass can accumulafe af fasfer 
rafes. Also, nufrienf supplies fo phyfoplankfon may 
decrease, largely because fhe main source of nufrienfs 
fo fhe esfuary, freshwafer runoff, decreases during 
fhese drier periods. A resulf of fhese combined effecfs 
is fhaf herbivorous grazing plays a relatively greater 
role as a confrol on phyfoplankfon biomass. This t 5 rpe 
of confrol is fermed top down. Owing fo variable dis- 
charge and flow rafes as well as ofher physical facfors 
such as wind-induced mixing, sforms, and droughfs, 
fhere are fransifions befween periods of low and high 
grazing confrol. 

Because if is very dynamic and dependenf on 
inferacfing physical, chemical, and biotic facfors, fhe 
imporfance of zooplankfon grazing as a confrol on 
phyfoplankfon sfocks is a fopic fhaf carries a greaf 
deal of uncerfainfy and continues fo be hofly debafed. 
Sfeemann-Nielsen (1958) argued fhaf fhe commonly 
observed seasonal paffems of more or less coin- 
cidenfal peaks in phyfoplankfon and zooplankfon 
abundance supporfed fhe h 5 rpofhesis fhaf grazing 
mainfained algal populations in a steady sfafe, fhe 
level of which was determined by fhe limifafions 
of ofher environmenfal conditions (i.e., lighf, nufri- 
enfs, and femperafure). In confrasf, Cushing (1959) 
used a simple predafor-prey model fo conclude fhaf 
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grazing did, indeed, affect the magnitude and tim- 
ing of phytoplankton stocks and that a lag between 
peak abundances of phytoplankton and zooplankton 
populations was readily observable. 

High rates of grazer-induced mortality have been 
observed in coastal environments (e.g., Dagg and 
Turner, 1982; Welschmeyer and Lorenzen, 1985) and 
in some river plumes (e.g., Malone and Chervin, 
1979). For example, in the northern Gulf of Mexico, the 
copepod community ingested 4-62% of the daily phy- 
toplankton production (Dagg, 1995a). In a produc- 
tive subtropical estuary (Fourleague Bay, Louisiana), 
ingestion rates of phytoplankton by the microzoo- 
plankton community averaged 43-165% of the daily 
phytoplankton production (Dagg, 1995b). In contrast, 
the grazing contribution from the mesozooplankton, 
composed primarily of the copepod Acartia tonsa, 
was negligible, presumably because of high advec- 
tive losses and predation by zooplanktivorous fish 
(Dagg, 1995b). 

While zooplankton herbivory may be an impor- 
tant control on coastal phytoplankton production 
during certain seasons under certain environmental 
conditions (Martin, 1970), it is not likely to be a severe 
limitation overall (e.g., Oviatt et al., 1979). Often, graz- 
ing is insufficient to balance phytoplankton growth, 
which can lead to the development of phytoplank- 
ton blooms. In Chesapeake and Narragansett Bays, 
high rates of suspension-feeding rates by ctenophores 
and medusae on zooplankton may serve to keep 
zooplankton grazing in balance (Heinle, 1974; Kre- 
mer, 1979). Other studies show inverse relationships 
between abundances of herbivorous crustacean and 
gelatinous zooplankton from field observations and 
direct relationships between ctenophore abundance 
and phytoplankton chlorophyll a (Lindahl and Hem- 
roth, 1983; Feigenbaum and Kelly, 1984). 

In some estuaries, suspension-feeding benthic 
macrofauna can reduce phytoplankton abundance 
significantly (Cloern, 1982; Officer et al., 1982). For 
several estuarine systems, it has been shown that 
a single dominant suspension-feeding bivalve pop- 
ulation was capable of filtering the entire overlying 
water column in 1 -4 days (Cohen et al., 1984; Nichols, 
1985; Doering et al., 1986). Such grazing rates can 
reduce phytoplankton standing stocks significantly. 
For example, the invasion of zebra mussels {Dreissena 
polymorpha) caused a massive decline in phytoplank- 
ton biomass in the Hudson River Estuary (Caraco 
et al., 1997). Zebra mussels invaded this estuary in 
1992 and became well established in 1993 and 1994. 
During these 2 years, the grazing pressure on phyto- 
plankton increased 10-fold, leading to an 85% decline 
in phytoplankton biomass (Caraco et al., 1997). 



4.5 HUMAN AND CLIMATIC 
IMPACTS ON COASTAL 
PHYTOPLANKTON DYNAMICS 

4.5.1 Effects of Nutrient Overenrichment 
on Estuarine Phytoplankton 

Coastal primary production and phytoplankton 
biomass are strongly controlled by the availability 
and supply rates of nutrients, especially N (Nixon, 
1995; Boesch et al., 2001; Paerl and Piehler, 2008) and 
to a lesser extent P (Sylvan et al., 2006). There is a 
delicate balance between beneficial nutrient enrich- 
ment to sustain a productive and healthy food web, 
and overfertilization, which can greatly accelerate 
primary production and promote excessive organic 
matter production (i.e., eutrophication; Nixon, 1995). 
If not effectively utilized by the food web, excess 
organic matter can accumulate, leading to water 
quality problems and habitat degradation (Fig. 4.7). 

Symptoms of eutrophication include phytoplank- 
ton blooms, loss of submerged aquatic vegetation, 
severe oxygen depletion (h 5 rpoxia), and fish kills 
(Paerl, 1988, 2004). Sudden changes in temperature, 
nutrient depletion, and light availability constraints 
can cause blooms to die (Paerl, 1988). When blooms 
die, they sink into deeper waters, where they decom- 
pose (Fig. 4.7). This process consumes vast amounts 
of oxygen, and if deep waters are not mixed with 
oxygen-rich surface waters, they eventually run out 
of oxygen, creating h 5 rpoxia, which can suffocate frn- 
fish and shellfish. Nutrient-stimulated h 5 rpoxia is a 
major cause of habitat loss and finfish and shellfish 
kills (Diaz and Rosenberg, 2008). 

Rapidly expanding urban, agricultural, and 
industrial activities in coastal watersheds have 
greatly accelerated the production and delivery of 
nutrients to nutrient-sensitive estuarine and coastal 
waters. Anthropogenic and natural sources of N and 
P are delivered by (i) surface water discharge deliv- 
ered via creeks and rivers, (ii) subsurface discharge 
(groundwater), and (iii) atmospheric deposition 
(rainfall or dry fall, mainly as N). The proportions 
of these nutrient sources vary geographically and 
demographically. In rural, agriculturally dominated 
regions, 50% to over 75% of N and P input originates 
from diffuse, nonpoint sources such as surface runoff, 
rainfall, and groundwater (Paerl, 1997; Howarth, 
1998; Boesch et al., 2001; Moore, 1999). Point sources, 
including wastewater, industrial, and municipal dis- 
charges, account for the rest. In contrast, N and P load- 
ing in urban watersheds (e.g., Narragansett Bay and 
Puget Sound) are dominated (>50%) by point sources. 
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FIGURE 4.7 (a) Linkage between external nutrient loading, internal nutrient cycling, nutrient-enhanced algal bloom forma- 

tion, and hypoxia under salinity-stratified conditions, (b) Differential impact on hypoxia of phytoplankton species that are 
readily consumed (labeled -P) versus species that are not (— ). Species that are not consumed form a larger share of sedimented 
organic matter and represent a larger burden on the ecosystem hypoxia potential of the estuary. Source: From Paerl, 2003. 



while watersheds encompassing both urban centers 
and intensive agriculture (e.g., Chesapeake Bay and 
San Francisco Bay regions) exhibit a more even 
distribution of these source t)^es (Castro et al., 2003). 

4.5.2 The Roles of Climatic Variability 
in Eutrophication Dynamics 

Nutrient, sediment, and other contaminants in coastal 
waters are strongly influenced by climatic forcing fea- 
fures, especially freshwafer discharge, fhe main deliv- 
ery mechanism. Climatic shiffs, including increasing 
fropical storm and hurricane frequencies (Golden- 
berg ef al., 2001; Webster ef al., 2005) and changing 
drought conditions, accelerate these inputs. It is there- 
fore useful fo develop ecological indicators fhaf could 
help distinguish human impacfs from nafural per- 
furbafions. This goal is compounded by fhe facf fhaf 
human and nafural perfurbafions may be identical, 
overlap, or acf S5mergisfically, potentially blurring 
fhis distinction. 

Dafa from fhe mid-1990s fo presenf show fhaf 
many coasfal systems have experienced fhe com- 
bined sfresses of anfhropogenic nufrienf enrichmenf. 



droughfs (reduced flushing combined with minimal 
nutrient inputs), and elevated tropical cyclone activ- 
ity (high flushing accompanied by elevafed nufrienf 
inpufs). These disfincf perfurbafions have proved 
useful for examining impacfs of anthropogenic and 
natural stressors on phytoplankton community struc- 
ture. Seasonal and storm-induced variations in river 
discharge, which affect flushing and residence fimes, 
sfrongly aftecf compefifion and relafive dominance 
among different PTGs, as a function of their contrast- 
ing growth rates and doubling times. For example, the 
relative contribution of chlorophyfes, cr 5 q)fophyfes, 
and diatoms fo fhe fofal Chi a pool appeared sfrongly 
confrolled by periods of elevafed river flow in North 
Carolina's Neuse River Estuary and downstream 
Pamlico Sound (Fig. 4.8; Valdes-Weaver et al., 2006; 
Paerl and Fluisman, 2009). 

These effects are most likely due to differential 
nutrient uptake and growth rates among PTGs 
(Pinckney et al., 1999). Cyanobacteria, which gener- 
ally have slower growth rates, were more abundant 
when flushing was minimal (i.e., longer residence 
fimes) during summer (Fig. 4.8). ITisforic frends in 
dinoflagellafe and chlorophyfe abundance provide 
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FIGURE 4.8 Phytoplankton taxonomic group biomass responses, based on diagnostic (of algal taxonomic groups) pho- 
topigment measurements, to flow and nufrient enrichment in the Neuse River Estuary during 1994-2004. Shown here are 
responses for chlorophytes (green algae), cyanobacteria (blue-green algae), and dinoflagellates. Note the strong stimulatory 
responses of chlorophytes to high discharge following major hurricanes (1996 and 1999) and periods of high spring runoff 
(spring 1998). In contrast, the relative contributions of dinoflagellates to phytoplankton community biomass decreased 
during periods of high flow. Cyanobacterial biomass contributions decreased during high flow, but recovered noticeably 
during subsequent summer low flow periods. Source: Adapted from Paerl et al., 2006b. 



additional evidence that hydrologic changes have 
altered phytoplankton community structure in the 
Neuse River estuary. Both decreases in the occurrence 
of winter-spring dinoflagellate blooms and increases 
in the abundance of chlorophytes coincided with the 
increased frequency and magnitude of hurricanes 
since 1996 (Fig. 4.8; Paerl et al., 2006a,b; Valdes- 
Weaver et al., 2006). The relatively slow growth 
rates of dinoflagellates account for their reduced 
abundance during the ensuing high river discharge 
events. Overall, phytoplankton composition has 
been altered since 1994 following major hydrologic 
changes, specifically flooding from large hurricanes 
such as Fran and Floyd (Paerl et al., 2005, 2006b). 
These phytoplankton community changes signal 
potential trophic and biogeochemical alterations. 

There is a scientific consensus that the buildup 
of greenhouse gases in the atmosphere is warming 
the earth (Floughton et al., 2001, see also Chapter 20). 
The past decade was the warmest since temperature 
records began in 1850, and paleo-records indicate 
that recent warming has no counterpart in the past 
1000 years (Crowley, 2000). The global Earth's tem- 
peratures increased by almost 1 °C during the past 



150 years (Jones et al., 1999), and general circulation 
models have projected further temperature increases 
of 1-6 °C over the next 100 years (Houghton et al., 
2001). A global circulation model-based study that 
examined the impacts of global warming on the 
armual runoff of the world's 33 largest rivers (Miller 
and Russell, 1992) suggested that runoff increases 
are likely for 25 of the 33 studied rivers. Under this 
scenario, the average annual Mississippi River dis- 
charge would increase 20% if the concentration of 
atmospheric CO 2 doubles. Other studies have shown 
that runoff estimates for the Mississippi River Basin 
differed greatly between the Canadian model and 
the Hadley model (Wolock and McCabe, 1999). Both 
models predict an increase in future extreme rainfall 
and runoff events, but they disagree in terms of both 
the magnitude and direction of changes in average 
armual runoff. The average annual runoff of the Mis- 
sissippi River Basin, for example, was projected to 
decrease 30% for the Canadian model but increase 
40% for the Hadley model by the year 2099. Esti- 
mated changes into major US estuaries projected by 
the Hadley model by the year 2099 range from -40% 
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FIGURE 4.9 Coupling between climate variability, coastal eutrophication, and hypoxia. Source: Reprinted from Justic et al, 
2005, with permission from Elsevier. 




FIGURE 4.10 Temperature dependence of the specific 
growth rates of two bloom-forming cyanobacteria Microcys- 
tis aeruginosa (Reynolds, 2006) and Planktothrix agardhii (Foy 
et al., 1976), the diatom Asterionellaformosa (Butterwick et al., 
2005), and the cryptophyte Cryptomonas marssonii (Butter- 
wick et al., 2005). The data are from controlled laboratory 
experiments using light-saturated and nutrient-saturated 
conditions. Solid lines are least-squares fits of the data 
to the temperature -response curve of Chen and Millero 
(1986). 



to -1-100%. Similar calculations based on the Cana- 
dian model projections suggest significantly reduced 
inflows for all coastal regions except the US Pacific 
coast (Wolock and McCabe, 1999). Thus, it is likely 



that many coastal and estuarine ecosystems will expe- 
rience changes in freshwater inflow, although it is 
unclear in what manner these changes will occur. It 
is also likely that extreme precipitation events will 
become more common, as may droughts and floods 
(Easterling et al., 2000). 

Increased global temperatures, combined with 
an enhanced hydrologic cycle, may influence estuar- 
ine and coastal eutrophication in three major ways 
(Fig. 4.9). First, the magnitude and seasonal pat- 
terns of freshwater and nutrient inputs would be 
affected, which could affect nutrient-enhanced coastal 
productivity. Second, altered flushing and residence 
times would affect phytoplankton competitive inter- 
actions and hence dominance among major taxo- 
nomic groups. Third, increases in air and hence water 
temperatures will have a direct effect on phytoplank- 
ton physiology and growth. For example, cyanobac- 
teria generally prefer much higher temperatures for 
optimizing growth than other taxonomic groups (e.g., 
diatoms, cr5q3tophytes, and chlorophytes; Fig. 4.10). 
Thus, in a warmer world, cyanobacterial growth and 
possibly bloom formation would be enhanced relative 
to other competitive taxonomic groups. Such taxo- 
nomic shifts would have ramifications for food web 
and nutrient cycling dynamics (Paerl and Huisman, 
2008, 2009). 
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FIGURE 4.1 1 Algal blooms in representative estuarine and coastal waters, (a-c) Cyanobacterial bloom in the St. John's River 
Estuary, Florida (Courtesy J. Burns); dinoflagellate red tide, coastal Pacific Ocean, Japan (Courtesy ECOHAB Program); 
cyanobacterial bloom in the lagoonal Neuse River-Pamlico Sound, North Carolina (photo: H. Paerl). (d-f) Mixed algal 
bloom, Orielton Bay, Australia (Courtesy Commonwealth Scientific and Industrial Research Organisation, CSIRO- Australia); 
near-shore dinoflagellate bloom, W. Florida (Courtesy Florida Department of Environmental Protection); cyanobacterial 
bloom. Lake Ponchartrain, Louisiana (Courtesy J. Burns), (g-i) Cyanobacterial bloom in the Baltic Sea near the Finnish 
coast (Courtesy Finnish Border Guard and Finnish Marine Research Institute); dinoflagellate bloom, Pamlico Sound, North 
Carolina (Courtesy P. Tester, National Oceanographic and Atmospheric Administration, NOAA); dinoflagellate red tide, in 
coastal waters near Hong Kong (Courtesy K. Yin). 



4.6 HARMFUL ALGAL BLOOMS 

Phytoplankton blooms are a rapid and perceptible 
increase in phytoplankton biomass in an aquatic 
ecosystem (Fig. 4.11). As discussed above, bloom 
initiation and persistence is a complex environmental 
issue that involves specific circulation and current 
patterns, nutrients, light, herbivory, and other factors. 
Blooms may produce biotoxrns, cause hypoxia, and 
alter food webs; in each case, they can constitute an 
environmental health hazard, degrade water quality 
and habitat, and are therefore deemed "harmful 
algal blooms" (HABs; Table 4.1). Species in diverse 
phytoplankton groups can be HABs, including 
cyanobacteria, dinoflagellates, prasinophytes, and 
diatoms. During blooms, fish and shellfish may con- 
sume these algae, then accumulate and concentrate 



the biotoxins without apparent harm. This renders 
the fish and shellfish extremely toxic to whomever 
consumes them, including marine mammals, sea 
birds, and humans. In places where HAB monitoring 
and surveillance programs do not exist, these blooms 
may go urmoticed until they cause illnesses and/or 
death in humans who consume products from the sea. 



4.7 NUTRIENT MANAGEMENT OF 
PHYTOPLANKTON PRODUCTION 
AND COMPOSITION 



When controlling and managing the effects of 
excessive nutrient loading on estuarine and coastal 
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TABLE 4.1 Economic and public health problems related to coastal harmful algae in the United States 



• Paralytic shellfish poisoning (PSP), which occurs in all coastal New England states as well as New York and along 
much of the west coast from Alaska to California. This problem has also extended to offshore areas in the 
northeast (causative species — the dinoflagellates A/exanc/riu/n tamarense, Alexandrium fundyense, and 
Alexandrium catenella) 

• Neurotoxic shellfish poisoning (NSP) and fish mortalities in the Gulf of Mexico and, more recently, extending along 
the Atlantic Coast from Florida to the Carolines (causative species — the dinoflagellate Karenia brevis) 

• Mortalities of farmed salmonids in the Pacific Northwest (causative species — the diatoms Chaetoceros convolutus 
and Chaetoceros concavicornis and the raphidophyte Heterosigma akashiwo) 

• Recurrent brown tides causing mass mortalities of mussel populations in Rhode Island, massive recruitment failure 
of scallops, and reduction in eelgrass beds around Long Island (causative species — the previously unknown 
chrysophyte, Aureococcus anophagefferens) 

• Ciguatera fish poisoning (CFP), a malady associated with dinoflagellate toxins accumulated in tropical fish flesh, 
occurring in virtually all subtropical to tropical US waters (Florida, Hawaii, Guam, US Virgin Islands, Puerto Rico, 
Guam, and other Pacific Territories; major causative species Gambierdiscus toxicus, Prorocentrum spp., Ostreopsis 
spp., Cooiia monotis, Thecadinum sp., and Amphidinium carterae) 

• Amnesic shellfish poisoning (ASP), which occurred first in southeastern Canada in 1987, but has been a problem for 
the US Pacific coast states over the past 2 years (causative species — the diatoms Pseudonitzschia pungens forma 
muitiseries and Pseudonitzschia australis). This sometimes fatal illness is so named because one of its most severe 
symptoms is permanent loss of short-term memory. The ASP toxin, domoic acid, has been detected in shellfish 
from both the West and East Coasts of the United States, and toxic P. pungens f. multiseries cells have been 
isolated from Gulf of Mexico waters, although a toxin has yet to be detected in the field. The threat to US shellfish 
consumers from this alga covers a broad geographic area. The name "ASP" understates the severity of the 
problem, since domoic acid also accumulates in fish and in crab viscera along the west coast of the United States, 
where the impact of this toxin on nonmolluscan fisheries may well exceed the loss to molluscan fisheries (e.g., 
razor clam) 

• Diarrhetic shellfish poisoning (DSP), which some consider the most serious and globally widespread 
phytoplankton-related seafood illness. Major causative species are dinoflagellates Dinophysis and Prorocentrum. 
The first confirmed incidence of DSP in North America occurred in 1 990 when these toxins were detected in 
shellfish from the southern coast of Nova Scotia following numerous human illnesses. Another DSP outbreak in 
Canada occurred in 1992. DSP-producing phytoplankton species occur throughout all temperate coastal waters of 
the United States, and thus present a potential problem for the future, although no outbreaks of DSP have yet 
been confirmed 

• Cyanobacteria blooms are becoming more numerous, widespread, and persistent in nutrient-enriched estuarine 
and coastal waters worldwide. Blooms have multiple negative impacts, such as toxicity, overgrowing, and 
smothering seagrasses, coral reefs and shellfish habitats, and food web shifts. Some species produce toxins and 
other bioactive metabolites. Of concern are blooms of toxic heterocystous N 2 fixing genera Nodularia (full salinity) 
and Cylindrospermopsis (oligohaline). The filamentous, nonheterocystous Nj fixing species Lyngbyamajuscuia 
produces both dermatotoxins and neurotoxins. Blooms of this subtropical/tropical species have fouled large 
segments of both Hawaii and Florida's estuaries and bays. Some tropical harmful cyanobacterial species are 
speaking into more temperate regions in part due to global warming, which has expanded their habitat (Paerl and 
Huisman, 2008) 



Source: In part adapted from Anderson et al. (2000). 



eutrophication and HAB development, anthro- 
pogenic point and nonpoint sources are the most 
significant targets for nufrienf reduction. The 
amounts, forms, and relative proportions of nufrients 
vary according fo human acfivifies, locations, and 
distributions of populafion confers and roufes of 
nutrienf discharge (i.e., surface, subsurface, and 
atmospheric). Magnitudes and proportions of N and 
P inpuf have been shown fo confrol both phytoplank- 
ton community productivity and compositional 
responses in receiving waters (Smith, 1990), and as 



such both aspects require careful assessmenf and 
managemenf . In point source-dominated watersheds, 
the emphasis has been on improved wastewater 
(from sewage and industrial effluent) treatment 
and removal of bofh N and P. In nonpoinf source- 
dominated watersheds, surface runoff, especially 
that originating from agricultural operations and 
urban stormwater, are the prime focus of N reduction 
sfrafegies. These sfrategies include besf management 
practices, including prudent and timely applications 
of fertilizers, soil conservation, establishment of 
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FIGURE 4.12 Illustration of the estuarine “filter" concept, where land-based nitrogen (N) nutrients are filtered by the estuary, 
while some portion of atmospheric N deposition bypasses the "filter," directly fertilizing coastal and oceanic waters. 



riparian vegetative buffer zones, and use of weflands 
fo enhance "sfripping" of runoff-based N (Mifsch 
ef al., 2001). 

Bofh N and P poinf sources are under infense 
local, sfafe, and federal scrutiny. Recenf agency (e.g., 
US-Environmenfal Profecfion Agency-EPA, 1998, 
1999, European Parliamenf: European Economic 
Union-EEU-Wafer Eramework, 2003) and legislafive 
action has led fo sfricf N and P discharge limifs from 
wasfewafer freafmenf planfs, and fhose planfs nof 
able fo meef fhese sfandards are under considerable 
and continuing pressure fo upgrade. In addition, 
a phosphafe defergenf ban was enacfed in fhe 
mid-1980s in Norfh America, Europe, and parfs of 
Ausfralasia. This has led fo marked decreases in 
P loading in many wafersheds. Currenf sfrafegies 
aimed af reducing nonpoinf N discharge, including 
riparian buffers, wefland consfrucfion, and soil 
conservation, also refard fhe movemenf of P fo 
nufrienf-sensifive wafers. Therefore, fhe primary 
sfrafegies and fargefs for pursuing N inpuf consfrainfs 
will yield significanf parallel reductions in P. 

In addition fo surface runoff, afmospheric 
deposition and groundwafer should also be recog- 
nized as significanf sources of new N pofenfially 
sfimulafing primary producfion in esfuarine and 
coasfal wafers (Paerl, 1985, 1997). Local and regional 
sfudies have shown afmospheric deposifion and 
groundwafer inpufs of N fo be large, increasing, 
and of widespread imporfance in esfuarine and 



coasfal environmenfs (Jaworski ef al., 1997; Paerl 
and Whifall, 1999; Valigura, 2001; Paerl ef al., 
2002). Por example, along fhe US Easfern seaboard, 
afmospheric deposifion accounfs for 10% fo over 30% 
of exfemally supplied N sources (Paerl ef al., 2002; 
Casfro ef al., 2003). Afmospheric deposifion plays an 
increasingly imporfanf role in coasfal wafers, since 
surface runoff N is offen effectively "filfered" in 
N-limifed esfuarine sysfems as if fransifs fo fhe ocean 
(Paerl and Whifall, 1999). Afmospheric deposifion 
as well as groundwafer can be direcfly discharged 
fo coasfal wafers and b 5 rpass fhis esfuarine N filfer 
(Paerl ef al., 2002; Moore, 1999; Pig 4.12). If has been 
suggesfed fhaf fhese N inpufs may be key drivers of 
a reporfed recenf increase in HABs in coasfal wafers 
(Paerl, 1997; Richardson, 1997). This, combined wifh 
observafions fhaf N and P loading fo fhese wafers has 
increased sfeadily in comparison fo silicon (Si), may 
also help explain observed shiffs in phyfoplankfon 
communify away from Si-requiring diafoms fo flag- 
ellafes, dinoflagellafes, and cyanobacferia (Dorfch 
and Whifledge, 1992; Riegman, 1995). 

Cerfain forms of N may be preferred by phy- 
foplankfon, including bloom-forming species. Por 
example, in highly furbid esfuarine wafers where 
lighf availabilify may be limifed, N sources fhaf 
require fhe leasf amounf of energy for upfake and 
assimilafion may be preferred. This means fhaf under 
fhese conditions, fhe mosf readily assimilafed and 
leasf energy-requiring form of N, ammonium, may be 
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preferred over the oxidized forms nitrite and nitrate 
(Harrison and Turpin, 1982). Experimental work has 
confirmed this for nutrient-enriched estuarine and 
coastal waters (Syrett, 1981; Collos, 1989; Stolte et al., 
1994; Riegman, 1995). In addition, some phytoplank- 
ton groups and species are more capable than others 
at utilizing organic forms of N and other nutrients 
(Paerl, 1988; Antia et al., 1991). These findings stress 
the need for considering both the qualitative and 
quantitative influences of N (and other nutrient) load- 
ings on phytoplankton biomass and compositional 
responses. 

An additional challenge for managing estuarine 
primary production and phytoplankton community 
composition is the influence of climate change. Some 
symptoms of climate change, such as increased 
tropical storm activity, larger oscillations between 
extremely wet and drought conditions, and hence 
the more pulsed, episodic marmer in which nutrients 
are supplied to coastal ecosystems, can confound 
management strategies that are based on average or 
"normal" hydrologic and nutrient discharge patterns. 
Since entering the recent period of elevated hurricane 
activity (Goldenberg et al., 2001), it seems that episod- 
icity is now the norm rather than the exception. This 
calls for highly adaptive nutrient management strate- 
gies that take pulsed instead of more gradual patterns 
of nutrient and other pollutant input in consideration. 

Much work lies ahead to further identify, charac- 
terize, and manage nutrient inputs controlling phyto- 
plankton production and composition in estuarine 
and coastal waters. Research and monitoring are 
providing information essential for formulating long- 
term nutrient management strategies aimed at pro- 
tecting and preserving the high standards of water 
quality and resourcefulness that we expect. With 
respect to phytoplankton production and composi- 
tion needed to sustain desirable estuarine and coastal 
food webs, this means managing for enough, but not 
excessive production, and avoiding the promotion of 
harmful taxa. As we enter the new millennium, foster- 
ing a process-based understanding of nutrient-water 
quality interactions and utilizing this for effective 
management are key social, economic, and political 
responsibilities as we ensure long-term conservation 
and sustainability of coastal waters. 
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5.1 INTRODUCTION 
AND DESCRIPTION 



Seagrass and other submersed vascular plants are 
characteristic and often quantitatively important pri- 
mary producers in estuarine areas. While the diversity 
of fhe fruly marine macrophyfe communities com- 
posed by red, green, or brown macroalgae is high wifh 
numerous species, size classes, and growfh forms, a 
limited number of species of submersed planfs can 
grow and survive in marine areas (Fig. 5.1). Almosf 
all species are monocofyledonous flowering planfs. 
Some of fhe species are acfually freshwafer planfs 
able fo folerafe only low salinify conditions, and fhey 
are resfricfed fo fhe upper reaches of fhe esfuaries. 
Close fo river ouflefs, one may find Elodea canaden- 
sis, Myriophyllum spicatum, and Vallisneria americana 
(0-10 salinify), while Zannichellia palustris, Potamoge- 
ton perfoliatus, and Stuckenia pectinata can form dense 
sfands in areas wifh slighfly higher salinify (up fo 15). 

Only between 50 and 60 species of submersed 
vascular planfs folerafe, and f 5 q)ically prefer, 
full-sfrengfh seawafer. These planfs, referred fo 
as seagrasses (den Hartog, 1970), belong fo two 
major botanical families, Potamogetonaceae and 
Hydrocharitaceae, which are divided into 12 genera. 
The seagrasses are morphologically quite diverse 



ranging from small shoots {Halophila spp., 3-5 cm) 
with elliptic leaves to larger plants {Zostera spp. 
and Enhalus, up to 2 m long) with broad (up to 
2 cm), linear leaves. All species have below-ground 
rhizomes from which root and leaf bundles are 
formed. Many freshwater vascular plants have apical 
meristems that enable them to grow toward the light 
at the surface. In contrast, all seagrasses have basal 
leaf meristems that allow continuous replacement of 
old epiphyte-covered leaves with new clean leaves. 

The submersed vascular plants that inhabit estu- 
arine waters have terrestrial and freshwater ancestors 
that had invaded the marine environment at differ- 
ent times during their evolution. As the diversity in 
morphology of seagrasses suggests, the seagrasses 
had invaded the marine environment on more than 
one instance (Les et al., 1997). Accordingly, they have 
different origins and are referred to as a polyphyletic 
group, where some species are more closely related to 
freshwater species than to other seagrass species. 

5.1.1 Challenges and Benefits of Aquatic 
Life for Submersed Vascular Plants 

The reinvasion of the aquatic environment by ter- 
restrial plants created a number of challenges and 
benefits for plant survival. Terrestrial plants are sus- 
ceptible to desiccation, but this is obviously not a 
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FIGURE 5.1 Examples of submersed vascular plants that occur in estuarine systems: (a) Myriaphyllum spicatiim (photo: O. 
Pedersen), (b) Stuckenia pectinata (photo: O. Pedersen), and (c) Vallisneria americana (photo: Seafavorites.com) are freshwater 
plants that are able to tolerate low salinities (<15), while (d) Thalassia testudiniim (photo: O. Pedersen), (e) Zostera marina 
(photo: P.B. Christensen; NERl), and (f) Halophila ovalis (photo: P. Lavery) are seagrasses that thrive in full-strength seawater. 



problem for submersed plants. Submersed plants 
have lost most of the physiological protections used 
by land plants to guard against desiccation such as 
hairs or other leaf structures, and the leaf cuticle 
of submersed plants is greatly reduced. One advan- 
tage of this evolutionary change is that nutrients, 
apart from being taken up by the roots, can be 
extracted rather efficiently from the water column 
when the cuticle on the leaves is thin (Hemminga and 
Duarte, 2000). On the other hand, submersed plants 
lack the ability to transpire from leaves, which is a 
process used by terrestrial plants to drive internal 
transport of water along with nutrients and organic 
compounds. In submersed plants, internal mass trans- 
port of solutes is instead provided by creation of 
root pressure, which is an energy-consuming process 
(Pedersen and Sand-Jensen, 1993). 

Terrestrial plants often have a considerable num- 
ber of structural tissues to strengthen stems and 
leaves. Submersed plants have lost this ability, and 
instead maintain their structure with air-filled lacu- 
nae, making leaves buoyant. They also have flexible 
leaves constructed with materials that are strong 



enough to tolerate the drag forces induced by waves 
and currents (Koch, 2001). 

The supply of inorganic carbon to fuel photo- 
s 5 mthesis represents a major problem for submersed 
vegetation (Madsen and Sand-Jensen, 1991; Beer and 
Koch, 1996). Carbon dioxide is readily dissolved in 
water, but the diffusion of CO 2 through the stagnant 
boundary layer around leaf surfaces is very slow com- 
pared to that in air because the diffusion coefficients 
of gases in air are about 10,000 times faster than in 
water. Therefore, as described later, many submersed 
plants have developed the ability to use inorganic 
carbon in the form of bicarbonate (HC 03 ~), which is 
about 100 times more abundant than dissolved CO 2 
in seawater. 

Another physiological challenge for submersed 
plants is the fact that below-ground tissues are often 
situated in anoxic sediments (Armstrong, 1979). If the 
internal oxygen supply to rhizomes and roots is insuf- 
ficient, the tissues must temporarily rely on anaerobic 
metabolism, which is an inefficient source of energy 
and which generates toxic anaerobic metabolites such 
as lactate or ethanol (Raven and Scrimgeour, 1997). 
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FIGURE 5.2 One of the most serious physiological challenges for submersed vascular plants is to supply rhizomes and roots 
with sufficient oxygen to support aerobic metabolism and prevent invasion of anaerobic metabolites from the sediment. The 
figure shows how internal plant oxygen and gaseous sulfide, measured with microelectrodes, interact over a diel cycle in a 
T. testudinum bed in Florida Bay, USA, during a seagrass die-off period. The oxygen within the plant meristem changed from 
supersaturation (i.e., above the oxygen partial pressure of fhe atmosphere indicated by the stippled line) during daytime to 
very low levels at night, when water column oxygen content was low. When plant oxygen is low, poisonous sulfide can 
invade from the sediment into the plant as seen shortly after midnight on this occasion. Source: Redrawn after Borum et al. 
(2005). 



The final, and maybe the most serious challenge 
to submersed plants, at least in the sulfate-rich marine 
environment, is that highly toxic sulfide, which is pro- 
duced by microbial sulfate reduction in sediments, 
may invade plant tissues during conditions of anoxia 
(Fig. 5.2; Carlson et al., 1994; Raven and Scrimgeour, 
1997; Pedersen et al., 2004). The combined effect of 
plant anoxia and sulfide invasion may be responsible 
for periodic massive plant mortality as has been sug- 
gested for turtlegrass {Thalassia testudinum) in Florida 
Bay (Robbie et al., 1991; Zieman et al., 1989; Borum 
et al., 2005) and for eelgrass {Zostera marina) in Europe 
(Plus et al., 2003). 

5.1.2 Spatial Distributions 

The global geographical distribution of submersed 
vascular plants in estuaries varies substantially 
among species. Some are confined to very restricted 
geographic areas, such as Posidonia oceanica in the 
Mediterranean Sea, while seagrass species belonging 
to the genus Zostera are widely distributed in both 
the southern and northern temperate zones of Asia, 
Europe, Africa, and North America (den Flartog, 
1970). There are no submersed plants in Antarctica, 
but Z. marina is found in the Arctic areas of North 
America and Europe. 

The vertical distribution of these plants ranges 
from the intertidal region to depths of around 60 m 
(Duarte, 1991; Duarte et al., 2007), and the depth 
distribution is controlled by a combination of factors 



including desiccation, wave action, substrate stability, 
salinity, and light availability (Koch, 2001; Krause- 
Jensen et al., 2003). The depth distribution of Z. marina 
in a large number of Danish coastal areas reflects a 
balance between exposure to physical stresses in shal- 
low water and limited light availability in deep water 
(Eig. 5.3), and these appear to be the most important 
factors controlling the upper and lower depth limits 
of these plants (Krause-Jensen et al., 2003). 

Along the land -sea axis of estuaries, the abun- 
dance and species composition of submersed plant 
communities generally vary systematically with 
changes in salinity, along with physical exposure 
and water clarity. A few species such as the seagrass 
Ruppia maritima occur throughout the salinity range 
from landward riverine sites to oceanic water at the 
mouth of an estuary, while most other species have 
relatively narrow distributions along the estuarine 
salinity gradient. T 5 rpically, water clarity, and hence 
plant depth penetration, is low at the riverine end 
of estuaries due to greater nutrient and silt inputs 
from land but much higher at the oceanic end of the 
salinity gradient. 

5.2 STANDING CROP AND 
PRODUCTION 



Depending on species and latitude, the biomass 
and production of submersed plants tend to vary 
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FIGURE 5.3 The probability of finding eelgrass at a cover (in % of boftom area) of greater than 0, greater than 2, greater than 
25, greater than 50 and, greater than 75% at different depth intervals and as functions of light availability (in % of surface 
photon flux density, PFD), wave exposure (in relative units determined by fetch, wind direction and velocity, and water 
depth; Krause-Jensen et al., 2003) and salinity. Source: Redrawn after Krause-Jensen et al. (2003). 



considerably on seasonal and annual scales (Fig. 5.4). 
Temperate freshwater species and intertidal beds 
of Z. marina in the Dutch part of the Wadden Sea 
are annual species that disappear during winter 
and grow up from rhizomes or seeds in spring. In 
subtropical or tropical waters, seagrass biomass may 
fluctuate very little over the annual cycle, and the 
clonal plants may have shoots that are interconnected 
for years, decades, or even centuries (Hemminga 
and Duarte, 2000). The biomass of freshwater plants 
growing in brackish and midsalinity areas is t 5 rpically 
moderate but occasionally relatively high (e.g., 
700-800 g dw m“^; Gruber and Kemp, 2010). While 
the standing crop of the small Halophila species 
is generally low, species of the genera Amphibolis, 
Phyllospadix, and Posidonia often accumulate very 
high biomass, exceeding 1000 g dw m^^ (Duarte and 
Chiscano, 1999). As discussed in the next section, 
dense beds of seagrasses can greatly influence the 



conditions in shallow waters by providing food and 
shelter for invertebrates and fish, damping waves 
and currents and hence preventing coastal erosion, 
and by promoting sedimentation of organic and fine 
particulate matter within the bed. 

Seagrass production has been the subject of con- 
siderable attention since early in the last century, 
when Ostenfeld (1908) and Petersen (1918) exam- 
ined the depth distribution and biomass of Z. marina 
and estimated its importance as a source of organic 
matter to benthic invertebrates and fishes. It is often 
suggested that seagrass meadows are among the most 
productive aquatic ecosystems with annual rates of 
up to 1000 g C m^^ (Mann, 1972; McRoy and McMil- 
lan, 1977; Zieman and Wetzel, 1980). These general- 
izations are supported by comparison of published 
daily rates of above- and below-ground produc- 
tion of a large number of seagrass species, where 
aboveground rates generally range between 1 and 
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FIGURE 5.4 Frequency distribution of biomass and production compiled for a large number of seagrass species. Redrawn 
after Duarte and Chiscano (1999). 



10 g dw and below-ground rates tend to be 

lower but still significant (Fig. 5.4; Duarte and Chis- 
cano, 1999). One might expect tropical seagrasses to 
be the most productive, but the compilation of data 
across species and studies actually shows that both 
aboveground biomass and daily production tend to 
increase with increasing latitude (Duarte and Chis- 
cano, 1999). 



5.3 FACTORS REGULATING 
SUBMERSED VASCULAR PLANTS 

The biomass and production of all autotrophs are 
regulated by many different factors acting alone as 
ultimate regulating factors or in concert as multi- 
ple limitations. Often, when regulating factors are 
examined, focus is on resource limitation of photo- 
synthesis and growth, but loss factors may be equally 
important in limiting plant biomass accumulation 
and hence for areal production. For example, herbi- 
vore grazing can remove an associated photosynthetic 
potential, and under some conditions this may be an 
important constraining factor (Fleck and Valentine, 



2006). Physical disturbance through wave actions is 
another potentially important factor, which can tear 
leaves and erode whole rooted plants from sediments 
(Koch, 2001). High physical stress often prevents sub- 
mersed plant colonization and is the most important 
factor causing complete absence of submersed plant 
beds from shallow, physically disturbed waters. This 
fact seems to have been surprisingly ignored in the 
estuarine literature on submersed plants. 

When dealing with the more traditional factors 
regulating plant production (e.g., light, inorganic 
carbon, and nutrients), environmental control of pro- 
duction is often attributed to either light, nutrient, or 
carbon limitation in accordance with Liebig's "Law 
of the Minimum" developed for agricultural crops 
(Liebig, 1863). This law assumes that at any time only 
one factor is the bottleneck that limits plant growth, 
ignoring the fact that these factors are highly inter- 
related. For example, increasing nitrogen contents 
in plants may improve the light-harvesting capacity 
through accumulation of higher pigment and enzyme 
concentrations or may similarly improve the dis- 
solved inorganic carbon (DIG) extraction capacity, 
thereby partly ameliorating limitation by low light or 
DIG availability (Beardall et al., 1991). Bearing this in 
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mind, we present the potentially limiting individual 
factors below, acknowledging that, although inter- 
dependent, a single factor is often most limiting to 
photos 5 mthesis or growth at any one time. 

5.3.1 Light 

Irradiance within the wavelength range of 
400- 700 nm (PAR, phofos 5 mfhefic acfive radia- 
fion) is fhe ulfimafe limifing facfor confrolling fhe 
fixafion of inorganic carbon fhrough phofos 5 mfhefic 
processes. At the level of fhe individual leaf, 
phofos 5 mfhesis versus irradiance (P-I) follows fhe 
same hyperbolic response pattern as if does for 
microalgae and ferresfrial planfs. Af low irradiance, 
carbon fixafion increases almosf linearly wifh irra- 
diance reflecfing fhe light-harvesfing capacify of fhe 
phofos 5 mfhefic apparafus defermined by pigment 
contents. At higher irradiance, carbon fixation does 
not keep up with irradiance, and at some irradiance 
level the leaf becomes lighf safurafed (i.e., no change 
in P with increases in I). Compared to microalgae, 
light saturation for leaves of submersed planfs occurs 
af relatively higher irradiances (>200 pmol photons 
m^^ s^^) and fhere is little evidence of lighf inhibition 
af high irradiances. 

Such P-I curves for submersed vegefafion are 
relevant for physiological sfudies and comparisons 
buf nof for esfimafes of in situ phofos 5 mfhesis (Binzer 
and Sand-Jensen, 2002). In fhe field, lighf does nof 
reach fhe leaf surface as a perpendicular beam of 
phofons. Insfead, irradiance passes down through the 
canopy while partly being attenuated, and it hits leaf 
surfaces from mulfiple angles offen very differenf 
from 90°. Consequenfly, fhe P-I curves for well- 
developed canopies are very different from fhose 
of individual leaves, offen wifh no clear safurafion 
irradiances and a confinuous increase in infegrafed 
phofos 5 mfhesis even af irradiances exceeding maxi- 
mum midday levels (Binzer and Sand-Jensen, 2002). 
Accordingly, dense canopies of submersed planfs are 
always lighf limifed, and any increase in day lengfh or 
average daily irradiance will increase phofos 5 mfhesis 
and producfion. 

The imporfance of lighf for seagrass disfribufion 
is immediafely apparenf when comparing seagrass 
depfh penefrafion for differenf species wifh light 
attenuation at the sites where the plants grow (Fig. 5.5; 
Duarte, 1991; Duarte et ak, 2007). Relatively indepen- 
dent of species, fhe maximum depfh penefrafion of 
fhe planfs corresponds fo irradiance levels ranging 
from approximafely 10-25% of fhe surface irradi- 
ance. These lighf levels af fhe maximum depfh, which 
are offen referred fo as the minimum light requirements 
for seagrasses, are much higher fhan fhose needed by 




Light attenuation coefficient (m 

FIGURE 5.5 Colonization depth for seagrass communities 
distributed worldwide versus light attenuation coefficient 
reflecting water turbidity. The relationship is described by 
the equation log(Z^) = 0.26 — 1.07 • log(fc), where is the 
colonization depth and k is the light attenuation coefficient. 
Redrawn after Duarte (1991). 

micro- and macroalgae, which are typically about 1% 
of the surface irradiance, but sometimes much lower 
(e.g., 0.001%, Markager and Sand-Jensen, 1996). The 
high light requirements of rooted submersed plants 
might be explained by the energetic costs related 
to growth and maintenance of below-ground tissues 
or the need for surplus oxygen transport to roots 
to oxidize and detoxify reduced metabolites within 
the sediments (e.g., Kemp et al., 2004). However, 
these very high minimum light levels required for 
submersed vascular plants have still not been fully 
understood (e.g., Zimmerman et al., 1997). 

5.3.2 Temperature 

Temperature in general exerts strong effects on plant 
metabolism, physiology, and life cycles. Often, spe- 
cific stages of the life cycle of the plants, such as 
flowering or fruit development, occur within much 
narrower temperature regimes than those required 
for plant growth (McMillan, 1976). When tempera- 
tures become too high, however, they can be delete- 
rious for plant performance in general (Masini and 
Manning, 1997). 

Gross photos 5 mthesis (Pg) of eelgrass increases 
exponentially with increasing temperature and 
gradually declines above an optimum temperature 
level, as photos 5 mthetic enzymes begin to degrade 
(Staehr and Borum, 2011). Plant respiration (R) also 
increases with temperature but at a greater rate, 
and maximum rates of respiration are reached at 
higher temperatures than those for photos 5 mthesis. 
Combining these effects of increasing temperature, 
net photos 5 mthesis (Pg — R) increases exponentially 
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FIGURE 5.6 Temperature dependency of light saturated net 
photosynthesis for eelgrass collected in winter (February), 
spring (April), and late summer (August). Optimum tem- 
perature for light saturated net photosynthesis varied from 
20 to 25°C depending on the season. Source: Redrawn after 
Staehr and Borum (2011). 

with moderate increases in temperature, then 
gradually declines above an optimum temperature 
level (Fig. 5.6) and may become negative at very high 
temperatures (Greve et al., 2003). Hence, tempera- 
tures of 10-15 °C above the optimum for a certain 
plant species may cause physiological damage to 
the tissues and may also result in a negative carbon 
balance for the plant, giving other plant species an 
advantage in the competition for space. 

5.3.3 Salinity 

Salinity is an important factor affecting plant success, 
as reflected by the changes in species composition of 
the submersed plant populations along the land-sea 
axis. The salinity tolerance of plants largely depends 
on their ability to accumulate organic solutes to main- 
tain turgor pressure. The freshwater species occurring 
in estuaries tolerate, to varying degrees, moderate 
salinities, while one seagrass species, R. maritima 
(widgeon grass), has a very wide salinity tolerance 
(down to zero salinity). When gradually acclimated to 
increasing salinities, turtlegrass, shoalgrass {Halodule 
wrightii), and widgeongrass are tolerant to salinities as 
high as 70 psu (twice the salt of seawater), which may 
occur during periods of low precipitation and high 
evaporation in shallow lagoons (Koch et al., 2007). 
H 5 rpersalinity (i.e., levels above that of sea water), 
however, generally has negative impacts on most 
seagrass species, severely disturbing their osmoreg- 
ulatory capacity (Walker and McComb, 1992; Koch 
et al., 2007). High salinities in Florida Bay, USA, 
resulting from high evaporation during summer and 
reduced freshwater discharge through the Everglades 
due to human interference, are assumed to contribute 
to widespread seagrass die-offs (Zieman et al., 1999). 



5.3.4 Nutrients 

All plants need a certain amount of nutrients to satisfy 
growth requirements. In general, nutrient uptake per 
biomass is higher for small organisms than for large 
because the former have a much larger relative sur- 
face area across which nutrients are absorbed (Hein 
et al., 1995). However, larger plants tend to grow 
more slowly and thus have lower nutrient require- 
ments over time. Plants often have the ability to 
take up nutrients in excess during periods of low 
growth, and this excess is then used during periods 
of high growth. Hence, large slow-growing plants 
with low ratios of surface area to volume, such as 
kelps and submersed vascular plants, seem to suffer 
less from long-term nutrient limitation compared to 
fast-growing but ephemeral macroalgae and microal- 
gae (Pedersen and Borum, 1996). In addition, the 
submersed vascular plant roots, which have access 
to the much richer supplies of nutrients within the 
sediment porewaters, tend to be less vulnerable to 
nutrient limitation (Hemminga, 1998). 

Although seagrasses take up nutrients from both 
water column and sediment and in general have rela- 
tively low requirements, temporal nutrient limitation 
of seagrass productivity is often observed. Low levels 
of sediment ammonium have been reported to be lim- 
iting to seagrass productivity (Dermison et al., 1987; 
Short, 1987; Lee and Dunton, 2000), and, more fre- 
quently, phosphorus limitation has been documented 
for different seagrass species growing in subtropical 
carbonate sediments, in which most of the phospho- 
rus is tied up in mineral forms not directly available 
for plant uptake (Short et al., 1990; Lourqurean et al., 
1992; Jensen et al., 1998). 

5.3.5 Inorganic Carbon 

The role of inorganic carbon as a potentially limit- 
ing factor for photos 5 mthesis of submersed vascular 
plants has become an issue of increasing interest 
due to the rising atmospheric CO 2 level and global 
climate change. As mentioned in the introduction to 
this chapter, limited availability of inorganic carbon is 
potentially a bottleneck to the growth of submersed 
plants because of their terrestrial origin and their 
relatively short evolution period for adapting to all 
challenges of life in the aquatic environment (Madsen 
and Sand-Jensen, 1991). Seagrasses readily take up 
CO 2 from the water, but, like most macroalgae and 
many submersed freshwater plants, they also have the 
capacity to extract the much higher concentrations of 
HC 03 ^ (<20 |xM CO 2 vs 2.2 mM HC 03 ^; Madsen 
and Sand-Jensen, 1991). The large total pool of DIG in 
seawater, however, does not seem to be sufficient to 
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FIGURE 5.7 Net photosynthetic rates relative to maximum 
net photosynthesis of two macroalgae species: Ulva lactuca 
and Saccharina latissima (formerly Laminaria saccharina) and 
two seagrass species: T. testudinum and Z. marina at normal 
seawater pH but varying availability of inorganic carbon 
(Die in mM). Normal (lx) and double (2x) seawater DIG 
levels are indicated on the x-axis. Redrawn after Beer and 
Koch (1996). 



saturate photos 5 mthesis of seagrasses when examined 
in single leaf experimenfs (Fig. 5.7; Beer and Koch, 
1996). Accordingly, seagrasses may benefif and gain 
compefifive power relative fo macroalgae from ris- 
ing afmospheric CO 2 levels (Zimmerman ef al., 1997). 
However, one should again be cautious in exfrapo- 
lafing conclusions from single leaf measuremenfs fo 
fully developed plan! beds in nafure, where many fac- 
fors, including CO 2 availabilify, vary simulfaneously, 
which may show high spatial and femporal variabilify 
on small scales owing to release from sedimenfs. 

5.3.6 Oxygen Dynamics and Sulfide 
Invasion 

The inherenf problem faced by submersed planfs in 
supplying roofs and rhizomes wifh sufficienf oxygen 
fo supporf aerobic respirafion is nof only a physio- 
logical challenge (see earlier section), buf if is also a 
pofenfial consfrainf on plan! growfh and survival of 
submersed freshwafer planfs (e.g., Armsfrong, 1979; 
Dacey, 1980) and seagrasses (Borum ef al., 2006). Until 
recently, it was assumed that the oxygen supply to 
seagrass roots and rhizomes relied almost exclusively 
on the oxygen produced by leaf photos 5 mthesis dur- 
ing the day, making roots and rhizomes generally 
susceptible to anoxia and anaerobic metabolism at 
night (Smith ef al., 1984). This is, however, not the 
case. At night, when the internal oxygen content of 
the plant tissues declines below the water column 
oxygen content, oxygen passively diffuses from the 
water into the seagrass leaves and is then transported 



to rhizomes and roots by gas-phase diffusion through 
the air-filled lacunae connecting leaves with roots 
(Pedersen et al., 1998). This transport is inherently 
rapid (within minutes) because gas-phase diffusion, 
as mentioned earlier, is about 10^ times faster than 
diffusion in water. Under normal circumstances with 
high water column oxygen, moderate plant respira- 
tion and low oxygen consumption in the sediment, 
the oxygen transport is sufficient to support aerobic 
root and rhizome metabolism and even sufficient to 
allow the release of oxygen to the surrounding sedi- 
ment in the dark (Pedersen et al., 1998; Borum et al., 
2006). 

The oxygen release to the sediment creates 
an "oxic microshield" around the roots. This 
shield prevents reduced and often toxic sediment 
metabolites (e.g., Mn+, Fe^+ or H 2 S) from reaching 
the root surfaces and invading the plant tissue, 
because the metabolites are rapidly reoxidized 
by bacteria within the oxic microzone (Lee and 
Dunton, 2000; Pedersen et al., 2004; Holmer et al., 
2005). However, if the roots run low on oxygen, 
the microshield disappears, allowing metabolites to 
invade the roots and poison plant tissues (Fig. 5.2). 
This creates stressful conditions for growth, reduc- 
ing photos 5 mthesis at low levels and resulting in 
mortality at higher levels (Holmer and Bondgaard, 
2001). These conditions occur if (i) the water column 
oxygen is low at night, (ii) water mixing is reduced 
(e.g., Binzer et al., 2005), (hi) plant respiration is 
high owing to high temperatures or h 5 rpersalinity, 
and/or (iv) the sediment oxygen consumption is 
accelerated by rapidly degrading organic matter 
during eutrophication. 



5.4 PLANTS AND ECOSYSTEMS 

Submersed vascular plants are conspicuous benthic 
primary producers that have important effects on 
many ecosystem processes. Their aboveground tis- 
sues, which vary in structural complexity with species 
and environmental conditions, influence water 
movement, leading to generally quiescent conditions 
within plant beds. They are also an important part of 
the food chain, and serve as refuge (from predation) 
for fish and invertebrates and as substratum for epi- 
phytic colonization. In addition, below-ground, root, 
and rhizome networks influence sediment biogeo- 
chemistry. Submersed plants therefore substantially 
modify their local environment, producing many 
positive feedbacks that can increase the suitability of 
an area for further plant growth as well as negative 
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feedbacks that can retard plant production (e.g., 
Jones et al., 1997; Gruber and Kemp, 2010). 

5.4.1 Consequences of Physical Effects 
on Water Movement 

Increased frictional drag associated with the physical 
structure of plant canopies can reduce water velocity 
(Gambi et al., 1990) and wave heights (Fonseca and 
Cahalan, 1992) within the plant bed. These effects 
generally enhance the deposition of fine organic and 
inorganic particles as velocities drop below a criti- 
cal threshold (Palmer et al., 2004). In healthy plant 
beds, particle trapping can elevate the sediment sur- 
face relative to that outside the bed (Bos et al., 2007). 
Suspended particles also directly adhere to seagrass 
blades (Agawin and Duarte, 2002), trapping them 
within the plant bed. Quiescent conditions in sub- 
mersed plant communities can result in substantially 
longer water residence times compared to unvege- 
tated areas (Rybicki et al., 1997). This has important 
implications for particle accumulation and dissolved 
nutrient chemistry. The influence of plant beds on 
local hydrod 5 mamics and sedimentology depends 
on key characteristics of the plant canopy includ- 
ing shoot density, shoot length, and aboveground 
biomass (Fig. 5.8), which vary with species and over 
space and time (e.g., Flasegawa et al., 2008). Addition- 
ally, submersed plants are phenot 5 ^ically plastic and 
can acclimate to a range of hydrodynamic conditions, 
with leaves, for example, minimizing drag by becom- 
ing shorter and thinner under higher flow conditions 
(Peralta et al., 2005). 

In addition to trapping particles, submersed 
plants tend to stabilize the sediment surface through 
sheltering by leaves and binding by roots and 
rhizomes. Resuspension of fine sediments is reduced 
within plant beds even during storm events (Gacia 
and Duarte, 2001; Granata et al., 2001). As a result, 
water clarity in plant communities increases (Moore, 
2004), thereby increasing the available light for 
photosynthesis. This effect can be dramatic (e.g., 
~50% decrease in turbidity) for dense beds of healthy 
plants (Fig. 5.9; Gruber et al., 2011). The extent to 
which this occurs depends on canopy architecture, 
the nature of the suspended material, and ambient 
hydrod 5 mamics (Vermaat et al., 2000). Although 
greater light availability improves submersed plant 
growth, extreme accumulations of leaf tissues can 
limit plant growth by self-shading (Marba and 
Duarte, 2003; McKone, 2009). 

5.4.2 Biogeochemical Effects 

On local scales, the damping of current and wave 
energy by submersed plant beds tends to result in 




FIGURE 5.8 Ratio between current velocity measured 
inside and outside an eelgrass bed during periods with 
different aboveground biomass. The ratio between cur- 
rent velocities clearly declined with increasing biomass, 
reflecting the damping effect of the canopy. Redrawn after 
Hasegawa et al. (2008). 

accumulation of organic-rich material within vege- 
tated sediments. The decomposition of this trapped 
organic material augments inorganic nutrient pools, 
especially in the sediment porewater (Kenworthy 
et al., 1982; Fig. 5.10). These high nutrient concen- 
trations tend to stimulate plant uptake (e.g., Caffrey 
and Kemp, 1990). In addition, changes in sediment 
composition and lower water flow rates favor reduced 
flushing and mixing of this porewater with the over- 
lying water column (Koch, 1999). Uptake rates of 
water column dissolved nutrients are strongly influ- 
enced by local hydrod 5 mamics, where low current 
speeds and turbulence retard uptake by epiphytic 
algae as well as seagrass across respective diffusive 
boundary layers (Morris et al., 2008). Generally, under 
oligotrophic and low energy conditions, sediment 
porewater serves as an important nutrient source for 
plants. 

Interactions between plant roots and sediments 
also have substantial effects on other important sed- 
iment biogeochemical processes. As mentioned pre- 
viously, radial release of oxygen by roots occurs 
in submersed plant beds as a function of plant 
photosynthesis (Kemp and Murray, 1986; Pedersen 
et al., 1998). Oxygen release into anoxic sediment 
allows reduced metabolites to be reoxidized. These 
oxidized microzones around roots can stimulate cou- 
pled nitrification-denitrification (Gaffrey and Kemp, 
1990), as ammonium from the large sediment pool 
is reoxidized and nitrate then diffuses to the anoxic 
zone where denitrification occurs. Plant stimulation 
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FIGURE 5.9 Maps of (a) turbidity and (b) oxygen saturation created from measurements across and outside a robust bed of 
S. pectinata (sago pondweed) in Chesapeake Bay. The solid black line represents the perimeter of the bed, while the dotted 
area represents land. Turbidity was measured in NTUs (nephalometric turbidity units), a relative measure of underwafer 
light transmission. The maps show a reduction in turbidity and increase in oxygen saturation with distance into the plant 
stand, which reflects the substantial impact submersed plant beds can have on water quality in shallow environments. Source: 
Redrawn after Gruber and Kemp (2011). 
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FIGURE 5.10 Sediment profiles of dissolved ammonium in 
vegetated sites consisting of mixtures of Z. marina and 
H. wrightii (closed circles) and imvegetated sites (open 
circles). Error bars are the standard error. The higher level 
of porewater ammonium in the seagrass bed reflects the 
retention and recycling of organic matter produced by the 
community or trapped from sources outside the plant bed. 
Source: Redrawn after Kenworthy et al. (1982). 

of nitrification and denitrification may be substan- 
tial for some submersed plants including freshwater 
isoetids (Christensen and Sorensen, 1986; Ottosen 
et al., 1999). In some instances, however, denitrifica- 
tion stimulated in seagrass beds may not exceed rates 
of nitrogen fixation (Risgaard-Petersen and Ottosen, 
2000; Rysgaard et al., 1996). Accordingly, the over- 
all impact of submersed plants on nitrogen cycling 



appears to vary among species and specific coastal 
sites. 

5.4.3 Submersed Plants as Food 
and Habitat 

Historically it was believed that relatively few organ- 
isms grazed directly on submersed vascular plants, 
and herbivory was of minor importance for seagrass 
biomass and production (den Hartog, 1970). How- 
ever, many recent studies have shown the important 
direct and indirect roles that grazing plays, especially 
in estuarine plant communities (Heck and Valentine, 
2006; Valentine and Heck, 1999). Marine mammals 
such as dugongs and manatees can gorge on beds of 
seagrass, leaving long grazing tracks devoid of veg- 
etation (Thayer et al., 1984), and sea turtles, fishes, 
and urchins can remove up to 50% of leaf production 
(Cebrian and Duarte, 1998). In estuaries, waterfowl 
including geese, swans, and diving ducks show a 
distinct proclivity for submersed plant beds (Holm 
and Clausen, 2006; Rybicki and Landwehr, 2007), and 
their grazing represents a major link in estuarine food 
webs (Weisner et al., 1997). Consequently, reductions 
in size and density of submersed plant beds owing to 
human and natural disturbances have been shown to 
result in large declines in abundance of herbivorous 
ducks during fall migration periods (Fig. 5.11; Kemp 
et al., 1984). Research using stable isotopes of carbon 
and nitrogen suggests that submersed plant primary 
production supports growth of animals at higher 
trophic levels, where, for example, in one study half 
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FIGURE 5.11 The abundance of the diving duck. Redhead 
(in % of fhe tofal count for North American breeding 
grounds), resting during winter in upper Chesapeake Bay 
versus the relative abundance of submersed vascular plants 
at upper Bay sites. The number of resting Redheads cor- 
related well with plant abundance during the period from 
1961 to 1975. With gradually decreasing plant abimdance up 
through the 1960s and 1970s, Redhead abundance declined 
in this area and the ducks moved to areas with eelgrass 
further south in Chesapeake Bay. Source: Redrawn after 
Kemp et al. (1984). 



the fauna in a tropical marine ecosystem appeared to 
depend directly or indirectly on these plants (Vonk 
et al., 2008). 

Additionally, primary production by epiphytic 
algae on submersed plant leaf surfaces can be at least 
as large as production by the host plants themselves 
(Borum et al., 1984). The growth form of most seagrass 
species is characterized by continuous production of 
new, clean leaves that replace older leaves, which 
are often covered with heavy epiphyte growth. Thus, 
these species tend to maintain a balanced mixture 
of new, mature, and old leaves with an associated 
gradient of epiphyte accumulations. Epiphytic algae 
are a key food source for numerous gastropods, 
amphipods, isopods, and fish, which leave distinct 
grazing tracks within the attached community (Jer- 
nakoff et al., 1996) and often show a preference for 
older leaves with dense coatings of epiphytes (Wress- 
nig and Booth, 2007). 

Although not as well-studied as many other 
aspects of submersed plant ecology, the production 
of dead (detrital) leaf material represents a significant 
source of nutrients for the wider estuarine commu- 
nity. Detritus is grazed directly by some amphipod 
species, which ingest not only dead plant material 
but also its associated epiphytic community (Lepoint 



et al., 2006). Leaf material breaks down at widely 
varying rates, with the total degradation time rang- 
ing from less than 80 days (for the proportion that 
remains in the plant bed) to greater than 370 days 
for "wrack" deposited on beaches (Oldham et al., 
2010 ). 

The abundance of organic matter and the pro- 
tection offered by the submersed plant canopy make 
these plant beds attractive habitats for many ani- 
mals. Beds support substantially higher abundance, 
diversity, and production of fish and invertebrates 
compared to nearby unvegetated sites (Fig. 5.12; 
Kemp et al., 1984; Lubbers et al., 1990; Lee et al., 
2001). However, few faunal species are completely 
restricted to seagrass beds (e.g., the fan mussel. Pinna 
nobilis, in Mediterranean Posidonia stands) with most 
species also occurring outside the beds. Some animal 
species use seagrass beds only during juvenile stages, 
but a number of species feed and remain within the 
beds throughout their life cycle (Gillanders, 2006). For 
fish, submersed plant beds can serve as refuges for 
predator avoidance (e.g., Canion and Heck, 2009) or 
can simply be the preferred productive habitat irre- 
spective of predation pressure (Burfeind et al., 2009). 
Often, submersed plants and fauna have a mutualistic 
relationship, where for example increased abundance 
of ribbed mussels in seagrass beds stimulates plant 
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FIGURE 5.12 Abundance (number of individuals per meter 
square) and species richness (number of species) of finfish 
from May through September at an unvegetated and a 
vegetated site in the Choptank River, Chesapeake Bay. In 
the vegetated area, finfish were more abundant and more 
species were found compared to those in the unvegetated 
area, especially in August and September. Redrawn after 
Kemp et al. (1984). 
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growth through efficient nutrient recycling (Peter- 
son and Heck, 2001). Plants have also been shown to 
benefit from epiphyfe grazers fhaf increase light avail- 
ability to leaves, and from sediment infauna fhaf can 
significanfly decrease concenfrafions of toxic hydro- 
gen sulfide while increasing dissolved nufrienf pools 
(Re 5 molds ef al., 2007). 



5.5 SUBMERSED AQUATIC 
PLANTS AND HUMANS 



Submersed plan! beds provide many key "ecosys- 
fem services" fhaf benefif humans in esfuaries and 
coasfal sysfems worldwide. As mentioned above, 
fheir physical sfrucfure damps wave energy, which 
can reduce coasfal erosion. This has been observed 
in many insfances. For example, increased shore ero- 
sion appeared in Danish coasfal wafers following fhe 
massive die-off of eelgrass (Z. marina) populations 
in fhe 1930s (Rasmussen, 1973; Christiansen ef al., 
1981). Submersed plant beds also provide food and 
habifat for commercially and recreationally impor- 
fant fish and inverfebrafes. They acf as a reservoir 
of nufrienfs, pofentially suppressing excessive phy- 
foplankfon growfh and improving wafer clarify. For 
example, estimates of submersed planf abundance af 
hisforical levels in fhe Chesapeake Bay, USA indi- 
cate fhat fhese communities could affenuafe nearly 
half of all present nitrogen inputs to the estuary 
(Kemp et al., 2005). Similar estimates have been devel- 
oped for fhe effecf of planf beds on regional budgefs 
for fluxes of suspended sedimenfs, organic carbon, 
and fofal nifrogen (Kemp ef al., 1984). Quantification 
of fhe monefaty value of "ecosysfem services" pro- 
vided by seagrass beds worldwide has shown fhem 
fo be one of fhe mosf valuable (per hecfare) nafural 
aquatic communities (Costanza et al., 1997). How- 
ever, it should be stressed that the monetary value 
of fhe services provided by seagrasses (e.g., shore 
profecfion) is highly variable due fo fhe variabilify 
in space and fime of fhe seagrass beds (Koch ef al., 
2009). 

The growing human population and ifs sfeadily 
increasing exploifafion of space and nafural resources 
in coasfal regions worldwide resulf in continuous 
pressure on esfuarine and coasfal ecosystems. This 
frend has resulfed in a wide variefy of sfresses on sub- 
mersed planf communities, such as excessive nutrient 
enrichment (eutrophication), inputs of toxic contami- 
nanfs, silfafion, coasfal consfrucfion and physical dis- 
furbance by dredging, as well as human recreational 



and fisheries acfivifies (Orfh ef al., 2006). In addi- 
tion, climate change is predicfed fo have a number of 
negafive effecfs on seagrass ecosystems relafed fo ris- 
ing femperafures, increasing runoff of nufrienfs wifh 
greater precipifafion, higher frequency and sfrengfh 
of sform evenfs, and rising sea level (Shorf and Neck- 
les, 1999; Najjar ef al., 2010). Deterioration of seagrass 
beds has been observed over wide geographical scales 
(Waycoff ef al., 2009; Duarte, 2002). In facf, if has been 
estimated fhaf nearly 30% of worldwide seagrass area 
has been losf since fhe 1870s and fhaf fhe rafe of loss 
continues fo increase (Fig. 5.13). 

The loss of submersed planf beds has resulfed in 
increased affenfion by esfuarine resource managers 
who have implemenfed moniforing programs fhaf 
frack changes in bed cover and densify of submersed 
planfs fo defecf and mifigafe negafive frends in abun- 
dance of fhese valuable living resources (Orfh ef al., 
2002, 2010a). The process of mapping exisfing plant 
beds has evolved over the last century from labor- 
intensive sampling of planfs along depfh gradienfs fo 
presenf surveys fhat apply acoustic instruments, high 
resolution aerial photography, and satellite imagery 
techniques (Orth et al., 2010b); this is much eas- 
ier for researchers foday than it was for fhe early 
Danish seagrass researchers (e.g., Osfenfeld, 1908). 
Considerable effort has also gone into establish- 
ing habitat quality thresholds for submersed planfs, 
which aim fo define minimum lighf requiremenfs 
or maximum nufrienf levels needed fo restore and 
profecf submersed planf beds (Dermison ef al., 1993; 
Kemp ef al., 2004). These can be used in simula- 
tion models to predict plant response to alternative 
restoration and mitigation efforts (e.g.. Madden and 
Kemp, 1996; Cerco and Moore, 2001; Latimer and 
Rego, 2010). 

As submersed plants are now absent from many 
areas where fhey hisforically grew, reinfroducfion 
often becomes parf of an esfuary managemenf plan, 
and many fechniques are available (Fonseca ef al., 
1998). Of course, selecfing fhe mosf appropriate 
resforafion mefhod requires informafion on fhe life 
hisfory of fhe particular planf species. For some 
seagrasses, such as fhe Mediterranean P. oceanica, 
growfh occurs slowly fhrough rhizome exfension, 
and nafural recovery even in small, denuded areas 
(e.g., 10 m^) may fake decades (Hemminga and 
Duarte, 2000). For ofher species wifh multiple 
reproduction sfrafegies, an improvemenf in wafer 
clarify fhrough reductions in nufrienf and sedimenf 
toads may be sufficienf for nafural reesfablishmenf. 
Mixed success has, however, been achieved using 
various seeding and planfing fechniques (Orfh ef al., 
2010b). 
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FIGURE 5.13 Decadal trends in gains and losses of seagrass beds recorded world wide, (a) Decadal gains and losses of area 
covered by seagrass and (b) number of sites where changes (decreasing, increasing, or no change) have been recorded. The 
records show higher areal losses relative to gains and a relatively larger number of sites exhibiting decreases than increases 
of seagrass area since the 1950s. Redrawn after Waycott et al. (2009). 



As mentioned previously, a complex network 
of interactions exists between submersed plants, 
hydrodynamics, sediments, and associated organ- 
isms, which can result in positive feedback effecfs 
on planf growfh. Resforafion ecology is begirming fo 
incorporafe some of fhese concepfs in a practical way 
(Byers ef al., 2006), including optimization of sife 
choice (Hengsf ef al., 2010; van Kafwijk ef al., 2009), 
planting density (van der Heide et al., 2007), and 
transplant types and sizes (Bouma et al., 2009). In 
addition, it has been proposed that the effectiveness of 
submersed planf resforafion efforfs would be greatly 
enhanced by incorporation of fhe self-cafalyzing 
posifive feedback effecfs of fhese beds info fhe design 
of revegefafion programs (van Kafwijk ef al., 2009; 
Kemp ef al., 2005). The application of fhese fheorefical 
concepfs fo real-world sysfems is in ifs infancy, and 
a greaf deal of room remains for improvemenfs 



in submersed planf management and restoration 
techniques. 
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COASTAL MARSHES 
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and John W. Day Jr. 



6.1 INTRODUCTION 



Coastal marshes with emergent vegetation are a com- 
mon feature of mosf esfuaries and coasfal plains all 
over fhe world. Saif marshes are fhe mosf abundanf 
wefland type, but brackish and freshwater marshes 
are also present in many estuarine systems (Day 
et al., 1989). Coastal marshes are beds of inferfidal 
roofed vegefafion fhaf are alfernafely inundafed and 
drained by fhe fides. Marshes occur principally along 
femperafe and boreal coasfs (Fig. 6.1) buf offen form 
in fhe fropics on salf flafs nof occupied by mangroves. 
There is an almosf consfanf inferacfion befween wafer 
and marsh. This is facilifafed by a complex nefwork 
of charmels fhrough which wafer, suspended and 
dissolved maferial, and organisms pass. Grasses are 
normally fhe dominanf primary producer, alfhough 
sometimes low, shrubby vegefafion replaces grasses. 
In addition, many fyrpes of algae grow on fhe planfs 
and on fhe surface of fhe mud. Coasfal weflands are 
generally composed of eifher salf marshes or man- 
grove swamps. The mangrove communify occurs 
along fropical shores and is made up of frees, while 
coasfal marshes are grass communities found prin- 
cipally in fhe femperafe zone. The two communifies 
are ecologically analogous because of fheir physical 
location, ecological processes, and frophic confribu- 
fion fo fhe overall esfuarine ecosysfem. Mangroves 



are fhe subjecf of Chapfer 7, so here we focus on 
marshes. 

Numerous sfudies of coasfal marshes show fhaf 
fhey are among fhe mosf productive planf communi- 
fies in fhe world and are offen a large proportion of 
fhe fofal area of esfuaries. Coasfal weflands also play 
imporfanf functions and values in ferms of ecosys- 
fem services, from which humankind benefifs. In 
fhis chapfer, we discuss fhe sfrucfure, composition, 
disfribufion, producfivify, functions, assessmenf, and 
human impacfs of coasfal marshes and fhe factors 
fhaf affecf producfivify. There is an abundanf lifera- 
fure abouf fhe ecology of coasfal marshes, especially 
of salf marshes, mosfly produced over fhe lasf 40 
years (Teal, 1962; Redfield, 1965, 1972; Nixon and 
Oviaff, 1973; Odum, 1974, 1980, 1988; Chapman, 1977; 
Kirby and Gosselink, 1976; Zedler, 1977; Valiela and 
Teal, 1979; Howarfh and Teal, 1980; Gallagher ef al., 
1980; Pomeroy and Wiegerf, 1981; Mendelssohn ef al., 
1981; Dijkema, 1987; Adam, 1990; Bertness, 1992; Pen- 
nings and Gallaway, 1992; Berfness and Shumway, 
1993; Teal and Howes, 1996; Kwak and Zedler, 1997; 
Baldwin and Mendelssohn, 1998; Chambers ef al., 
1998; Gough and Grace, 1998, 1999; Craff ef al., 1999; 
Hacker and Bertness, 1999; Weinstein and Kreeger, 
2000; Mitsch and Gosselink, 2001; Emery et al., 2001; 
La Peyre et al., 2001 ; Silliman et al., 2005; Deegan et al., 
2007; Sullivan et al., 2007; van Wesenbeeck et al., 2008) . 
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I Main areas of salt marsh 
I Main areas of mangrove 



FIGURE 6.1 Worldwide distribution of coastal marshes and mangrove swamps. Source: After Chapman (1960). 



6.2 GENERAL FEATURES 
AND TYPOLOGY OF COASTAL 
MARSHES 



The appearance of salt marshes differs along different 
coasts. Along the southeastern and Gulf of Mexico 
coasts of the United States, for example, marshes 
are often dense and robust. By contrast, high lat- 
itude coastal areas generally support short, sparse 
stands of marsh. In an attempt to explain this vari- 
ability, Chapman (1960) divided salt marshes into 
nine broad groups based on physiognomy, floristic 
composition, and geographic distribution (Table 6.1). 
He also listed over 600 species of plants that grow 
in salt marshes throughout the world. Species diver- 
sity is lowest in the arctic and generally increases 
toward lower latitudes. A number of genera are 
broadly distributed and are major components of 
the flora in many areas (Fig. 6.2). Puccinellia is com- 
mon along northern coasts where ice and extremely 
low temperatures occur in winter. Spartina, Juncus, 
and Distichis are common along nonrocky temperate 
coasts of Europe, Asia, and North and South Amer- 
ica. Limonium is found along rugged coasts. Salicornia 



and related species have the broadest distribution; 
they are found in microtidal marshes and in the 
upper intertidal zone in practically all areas because 
of their ability to withstand desiccation and salinity 
stress. 

The most extensive development of coastal 
marshes occurs in areas of low relief, abundant 
rainfall, muddy to sandy coasts, and moderate cli- 
mate. In the United States, the broadest development 
occurs along the east coast of the north Atlantic 
and the Gulf of Mexico. Here, there is sufficient 
rainfall evenly spread through the year, gentle 
coastal slopes, and muddy to sandy sediments. The 
largest single area of coastal marshes is in the delta 
of the Mississippi River, where almost 40% of coastal 
salt marshes (~2 x 10^ ha) of the contiguous United 
States occur. Extensive wetlands are found in deltas 
worldwide. 

To understand the factors affecting the distribu- 
tion and features of marsh t 5 rpes, it is important to 
contrast the differences between tidal and nontidal 
(microtidal) coastal systems (Table 6.2). Tidal sys- 
tems are widespread and abundant in most of oceanic 
coasts, whereas microtidal systems are restricted to 
semienclosed seas, such as the Mediterranean, Black 
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TABLE 6.1 Worldwide classification of salt marshes based on geographic distribution, floristic composition, 
and physiognomy 



Group 


Geographic 

Distribution 


Dominant 

Plants 


Important Controlling 
Parameters 


Arctic 


Greenland, Iceland, and arctic 
coasts of North America, 
Scandinavia, and 
Russia 


Puccinellia phryganodes 
Carex sp. 


Ice, extreme low temperature 


Northern 


Iberian peninsula north to 


Puccinelia maritime, Juncus gerardii. 


Sufficient precipitation 


Europe 


Norway and southwestern 


Salicornia spp., Spartina spp.. 


Sandy to muddy substrate 




Sweden 


Festuca rubra, Agrostis 


Modeate climate 




West coast of Great Britain, 


stolonifera, Carex palecea, Juncus 


Coast with a high proportion of 




Scandinavia Coasts of Baltic 


bufonius, Desmoschoenus 


sand 




Sea 


bottnica, Scirpus sp., and Spartina 


Low to moderate salinity 




Along English Channel and 
other muddy coasts 


townsendii 


Muddy coasts 


Mediterranean 


Along Mediterranean coasts 


Much low shrubby vegetation, 
Arthrocnemum, Limonium, 
Juncus and Saiicornia spp. 


Arid to semiarid. Rocky to 
sandy coasts 
Generally high salinity 
Moderate temperatures 


Eastern North 


Temperate Atlantic and Gulf of 


Spartina aiterniflora, Spartina 


Generally muddy coasts and 


America 


Mexico coasts of North 


patens, Juncus roemerianus. 


moderate climate 




America 


Distichlis spicata, Saiicornia spp., 
Puccineilia maritima at higher 
latitudes 


Broad development of marshes 


Western North 


Temperate Pacific coasts of 


Spartina gracilis, Spartina foiiosa. 


Arid in south to high 


America 


North America 


Frankenia spp., Saiicornia spp. 


precipitation in north 
Rugged coasts 
Limited marsh development 


Sino-Japanese 


Temperate Pacific coasts of 


Triglochin martima, Limonium 


Rugged, Uplifting coasts 




China, Japan, Russia, and 


japonicum; also Zoysia 


Limited marsh development 




Korea 


macrostachya, Salcornia spp. 


Moderate precipitation 


South America 


South America coasts too cold 


Unique species of Spartina, 


Rugged coasts 




for mangroves 


Limonium, Dstichlis, Juncus, 
Heterostachys and Allenrolfea; 
also Saiicornia spp. 


Geographic isolation 


Australia 


South Australia, New Zealand, 
and Tasmania 


Hemichroa spp., Arthrocnemetum 
spp., and Salcornia spp. 




Tropical 


Saline flats not occupied by 


Saiicornia spp., Limonium spp., and 


Rainfall 




mangroves 


Spartina brasiliensis 


Geographic isolation 
High salinity 



Source: After Chapman, 1960. Note scientific names are those used by Chapman. 



and Baltic Seas, and the Gulf of Mexico. A major 
portion of microfidal coasfal weflands are locafed in 
delfaic areas, which in many ways have opposife fea- 
tures to classical estuaries. Deltas protrude into the 
sea and their estuaries are river dominated, whereas 
typical estuaries are coastal indentations more dom- 
inated by tides. Tidal marshes often occur in coastal 
plain estuaries and along the shores of bays, where 
there is both tidal activity and riverine influence, lead- 
ing fo close coupling befween weflands and adjacenf 



wafer bodies. In nontidal areas of coasfs, marshes 
are eifher nof direcfly connecfed fo esfuaries buf are 
frequenfly associafed wifh coasfal lagoons, or fhey 
are locafed in the upper reaches of esfuarine sys- 
fems beyond fidal influence. Tidal marshes occupy 
large areas offen associafed wifh coasfal plain esfu- 
aries and are characferized by sfrong and regular 
fidal fluxes, which play a crucial role in ecosysfem 
funcfioning. Microfidal river moufhs are f5rpically 
salt-wedge estuaries that are part of a delfa (Ibanez 
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FIGURE 6.2 Several common species of salt marsh plants, 
(a) Spartina alterniflora, (b) Spartina patens, (c) Juncus roe- 
marinus, (d) Limoniiim carolinianum, and (e) Salicornia 
bigelovii. 



et al., 1997a), and the role of the weak tide in the 
ecosystem is less relevant. Sea level changes due 
to seasonal cycles and storms likely play a more 
important role than astronomical tides in microtidal 
marshes. 

Natural levees are the highest parts of deltas and, 
under natural conditions, are vegetated by riparian 
forests, which are flooded only during high dis- 
charge. In contrast, tidal marshes are located along the 
shores of the estuarine portion of deltas, which often 
have a t 5 ^ical valley-shaped topography. In both 
cases, fresh, brackish, or saline marshes, depend- 
ing on factors such as elevation, inputs of upland 
runoff, riverine and tidal influence, and soil drainage 
often occur. In most cases, there is a clear vege- 
tation zonation mainly related to soil salinity and 
flooding regime, which is discussed in the following 
section. 



6.3 DISTRIBUTION AND 
ZONATION OF COASTAL 
MARSHES 



Observations of tidal wetlands in many different areas 
of the world reveal similar spatial patterns of distri- 
bution of plants. Often, the distribution takes the form 
of bands or zones of different assemblages of plants 
that are similar from one location to another. Such 
zonation provides insight into how different plants 
deal with and alter environmental gradients of the 
intertidal zone. In this section, we describe distribu- 
tion and zonation of marsh plants in estuaries and 
discuss the factors responsible for this structure. 

Distribution and zonation patterns occur at sev- 
eral different spatial scales. At the broadest level, 
there are latitudinal patterns where climate plays a 
major role in affecting marsh distribution. At an 
intermediate scale, there are drainage basin patterns, 
where water salinity and coastal morphology are 
important in determining zonation. Finally, local pat- 
terns occur along and across estuaries as a result 
of elevation changes and variation in tidal water 
exchanges as one moves closer to, or further from, a 
tidal creek. In addition, some worldwide distribution 
patterns occur as a result of geographic isolation (e.g., 
the unique vegetation assemblages of Australian and 
South American salt marshes). Also, in all wetlands, 
there is local "patchiness" caused by adjustment of 
plants to various t 5 rpes of small-scale heterogene- 
ity. Bertness and Permings (2000) suggested that our 
current understanding of marsh zonation patterns is 
oversimplified and that the processes creating these 
patterns may vary in importance between marshes. 
We now consider distribution and zonation at these 
spatial scales (latitudinal, drainage basin, and local) 
in more detail. 



6.3.1 Latitudinal Patterns 

On a broad latitudinal scale, distribution of coastal 
marshes in the northern hemisphere is affected pri- 
marily by climate (Day et al., 1989). As indicated 
earlier, mangroves grow in the tropics and temperate 
regions to about 30 °N. Marshes are present along 
north temperate coasts from about 30 °N up to 65 °N 
latitude. Above this latitude, ice and extremes of tem- 
perature prevent marsh formation. On the Atlantic 
coast of North America, there is no aboveground 
winter biomass higher than about 38 °N latitude due 
to ice scour (Turner, 1976). 
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TABLE 6.2 Some differences between tidal temperate and nontidal (microtidal) temperate estuarine systems 



Tidal Estuarine 
Systems 


Microtidal Estuarine 
Systems 


Tidal range 1 -10 m 


Tidal range 0.1-1 m 


Astronomical tides > meteorological tides 


Astronomical tides < meteorological tides 


Tide-dominated estuaries 


River-dominated estuaries 


Coastal plain estuaries 


Deltas, coastal lagoons 


Partially and well-mixed estuaries 


Salt-wedge estuaries 


Extensive tidal marshes 


Often small and localized microtidal marshes 


Presence of tidal freshwater marshes 


Microtidal freshwater marshes rare 


Marshes located along the shore of the estuary 


Marshes located along coastal lagoons and outer coast 


Marshes with regular flooding 


Marshes with summer drought and salt stress; Irregular flooding 


High biological productivity 


Often marshes with medium to low biological productivity 


Maximum productivity usually from high to 
middle marsh 


Maximum productivity usually from low to middle marsh 


Marsh diversity gradient along the estuary 


Marsh diversity gradient across the river delta 


Plant zonation mainly due to tidal flooding 


Plant zonation mainly due to maximum summer salinity 


Higher topographic gradient, lower habitat 


Lower topographic gradient, higher habitat patchiness, and little 


patchiness, and tidal creeks 


tidal creeks 



Climate may have important, but largely unrec- 
ognized, effects on marsh plant community organi- 
zation. In cool temperate marshes, low soil salini- 
ties result in salinity playing only a minor role in 
maintaining marsh plant distributional patterns. In 
contrast, at lower latitudes, hotter climates lead to 
salt accumulation, elevated soil salinities, and marsh 
zonation patterns that are strongly driven by soil 
salinity patterns (Bertness and Pennings, 2000). 

Within this general temperature gradient, rain- 
fall plays an imporfanf role. Where seasonal moisfure 
deficifs exisf in fidally flooded land, barren flafs 
may exisf in emergenf weflands. Under condifions 
of exfreme or prolonged dryness, fhere may be liffle 
or no vegefafion in fhe inferfidal zone. These poinfs 
are illusfrafed by pafferns of wefland disfribufion 
around fhe Gulf of Mexico, which exfends from fhe 
fropics in fhe soufh to the temperate zone in the north 
and includes a large variation in temperature and 
rainfall (Fig. 6.3). Annual rainfall exceeds 1500 mm 
along the north central and southern coasts. Arid 
areas with less than 1000 mm occur on the north- 
western Yucatan Peninsula near Progreso and in the 
western Gulf between Tampico and Galveston. These 
temperature and rainfall gradienfs affecf fhe disfri- 
bufion of coasfal vegefafion. Mangroves occur along 
the tropical and semitropical coasts south of Cedar 
Keys in Florida and generally soufh of Porf Isabel, 
Texas. With the exception of a few isolafed sfands 
of black mangrove in fhe Mississippi delfaic plain, 
mangroves are absenf from fhe norfhern Gulf Coasf, 
which is dominafed by salf marshes. This is changing. 



however, due fo recenfly warmer femperafures, pos- 
sibly a resulf of climafe change (Chapfer 20). 

In high rainfall areas, intertidal wetlands tend to 
cover the entire tidal plain. Thus, the Gulf areas with 
the broadest development of inferfidal vegefafion are 
the marshes of fhe Mississippi River delfaic plain 
and fhe mangrove swamps surrounding fhe Laguna 
de Terminos and in fhe delfa of fhe Grijalva River. 
In fhe arid areas, marsh vegefafion generally occurs 
only on fhe more frequenfly flooded parfs of fhe 
inferfidal zone. The higher parfs of fhe fidal plain are 
barrens devoid of higher plant life. Flalophyfes such 
as Salicornia offen grow in a narrow zone between the 
barrens and wetland vegetation growing in the lower 
tidal plain. 

6.3.2 Drainage Basin Patterns 

If we fravel landward from fhe barrier sfand shoreline, 
for mosf esfuaries, fhere is a progressively diminish- 
ing fidal influence unfil af some poinf fhere is no 
longer a fide. Wifhin fhis area affecfed by fhe fide, 
fhere is generally also a salinify gradienf. Obviously, 
near fhe sea fhe mean salinify is near fhaf of seawa- 
fer. As seawafer mixes wifh freshwafer, fhe salinify 
decreases moving inland, until a point is reached 
where there is always freshwater. Tidal and salinity 
d 5 mamics are complex, and many different patterns 
can be observed. For example, in arid areas, h 5 rper- 
saline conditions can exist in coastal systems. In very 
small estuarine systems with little freshwater input, 
such as the “inlets" of Soufh Garolina, fhe salinify of 
fhe enfire esfuarine area may be essenfially fhaf of fhe 
adjacenf sea. Buf, for mosf esfuarine sysfems, fhere is a 
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FIGURE 6.3 Average annual rainfall (mm) along the Gulf of Mexico coas. Source: From Smith and Monte (1975). 



gradient in the mean salinity from near that of seawa- 
fer af fhe coasf fo freshwafer af some disfance inland. 

How does marsh vegefafion change along fhis 
salinify gradienf? In f 5 rpical esfuaries, fhere are broad 
vegefafion zones, which are closely relafed fo fhe 
salinify gradienf. Nearesf fhe coasf, fhe communify is 
dominafed by salf marshes. The composifion of fhis 
communify changes wifh decreasing salinify unfil if 
is composed entirely of freshwafer vegefafion. This 
vegefafion zonafion has been described for many 
locations (Adams, 1963; Zedler, 1977; Bertness, 1992; 
Pennings and Callaway, 1992), and we include several 
examples here. In fhe Barafaria Basin, Louisiana, fhere 
are several broad vegefafion zones (Day ef al, 1989). 
Nearesf fhe coasf fhere is a band of saline marsh, 
wifh zones of brackish marsh, freshwafer marsh, and 
swamp foresf progressively furfher inland. The plan! 
diversify is lowesf in fhe saline marshes and high- 
esf in fhe freshwafer marsh; a pattern fhaf holds for 
mosf esfuaries. Similar patterns exisf for fhe marshes 
of fhe Chesapeake Bay and ofher areas. However, a 
recenf sfudy in Chesapeake Bay (Sharpe and Bald- 
win, 2009) found fhaf species richness in oligohaline 
marshes was as high as or higher fhan fhaf in fidal 
freshwafer marshes, resulfing in a disfincfly nonlinear 
pattern of planf species richness along fhe relafively 
undisfurbed Nanficoke River. In confrasf, fhe more 
urbanized Pafuxenf River gradienf displayed a lin- 
ear decrease in planf species richness wifh increasing 
disfance downsfream across fhe esfuary. Hence, fhe 
aufhors conclude fhaf fhe nonlinear pattern of planf 
species richness observed along fhe Nanficoke River 



may be fhe f 5 rpical pattern in relafively undisfurbed 
esfuaries. 

6.3.3 Local Zonation Patterns 

The sfriking patterns of marsh zonafion fhaf occur 
along fidal creeks have affracfed fhe affenfion of wef- 
land scienfisfs for many years (Mendelssohn and 
Morris, 2000). These zones are a resulf of differ- 
ences in reproducfion and growfh, response fo envi- 
ronmenfal gradienfs encounfered from low fo high 
wafer, and planf compefifion. Some of fhe mosf 
imporfanf facfors are elevation, drainage, and soil 
f 5 rpe. Tidal exchange and soil t 5 rpe are imporfanf in 
defermining fhe oxidafion-reducfion sfafe of fhe soil 
(Chapfer 3) and fhe level of h 5 rpersaline condifions 
in fhe high marsh. In salf marshes, fhere is often 
a disfincf elevation gradienf from fhe wafer's edge 
up fo fhe upland boundary and often a sfreamside 
levee. In fhe high marsh, salf pans (areas of h 5 rper- 
salinify) often form. An example of zonafion across 
fhis gradienf for marshes in New England is given in 
Figure 6.4. 

A number of facfors affecf fhe disfribufion of 
vascular planf species along fhe esfuarine gradienf, 
including salinify, frequency and durafion of inunda- 
fion, sulfide concenfrafion, and subsfrafe composifion 
(Odum, 1988; Mendelssohn and Morris, 2000; Fig. 6.5). 
On fidal coasfs, low marshes are flooded daily by sea- 
wafer, so fhe wafer and salinify regime of soils is 
rafher independenf of climafic condifions. For fhis 
reason, fhe low marsh areas of fidal Mediferranean- 
f 5 rpe climafe coasfs (i.e., California) have similar 
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(a) 




(b) 



FIGURE 6.4 Zonation of vegetation in southern New England salt marshes. Source-. From Bertness and Pennings (2000). 



vegetation to that of the United States and the Euro- 
pean temperate zone and it is composed of Spartina 
spp. communities. However, the middle and upper 
marsh areas are dominated by halophytes, often suc- 
culent chenopods, adapted to high soil salinity. Where 
hypersaline periods are too long, salt flats without 
perermial vegetation are widespread. In nontidal, 
Mediterranean-t 5 rpe coasts, low marshes dominated 
by Spartina spp. grasses are practically absent, and 
glasswort communities can develop from mean sea 
level to the upper marsh. Several authors have shown 
the importance of summer drought in explaining 
the distribution of plant communities in these areas 
(Zedler, 1983; Zedler and Beare, 1986; Callaway et al., 
1990; Ibanez et al., 2000). 

There are differences in zonation of temperate 
tidal marshes, nontidal Mediterranean marshes, and 
tidal Mediterranean-climate marshes. On tidal coasts, 
factors responsible for marsh plant zonation are 
essentially similar to those causing zonation in the 
rocky intertidal zone. At the lower end of a phys- 
ical gradient (low marsh), the range of a species is 
limited by its tolerance to physical conditions (i.e., 
submergence and h 5 rpoxia), whereas at the upper 



end of the gradient (higher in the marsh), a species 
is excluded by competition (Bertness and Permings, 
2000). Mediterranean-climate tidal salt marshes, how- 
ever, do not exhibit a simple monotonic gradient of 
severity of physical factors across marsh elevations, 
rather there is an interaction between flooding and 
salinity that creates a band of superior habitat in the 
middle marsh, where both factors are moderate; a 
phenomenon not reported elsewhere (Pennings and 
Callaway, 1992). 

Peinado et al. (1995) carried out one study 
comparing vegetation zonation of Mediterranean 
marshes in Spain and Mediterranean-climate 
macrotidal marshes in California and Baja California. 
The marshes in these two areas are similar in 
terms of taxonomic composition, physiognomy, and 
vegetation zonation. The low marsh is dominated by 
hydrophytic perermial vegetation: Spartina communi- 
ties in the lowest subzone (which is practically absent 
in the Mediterranean basin due to low tidal range) and 
low Sarcocornia communities in the highest subzone. 
In the middle marsh, vegetation is mostly formed by 
erect species of Sarcocornia, and in the upper marsh by 
more halophytic species of the genus Arthrocnemum. 



136 I CHAPTER SIX | Coastal Marshes 




FIGURE 6.5 Factors affecting marsh biomass and production. Schematic of within-marsh variation in the height of Spartina 
alterniflora and the terms used to describe these height forms. See From Mendelssohn and Morris (2000) for further description 
of mechanisms. 



Pioneer annual vegetation of Salicornia species can 
be found in fhe bare gaps. Finally, vegefafion of 
the drier upper marsh is made up of halophyfic fall 
rushes {Juncus spp.), which form fhe fransifional zone 
befween fhe marsh and upland vegefafion. 

In temperate tidal salt marshes, vascular plants 
are t 5 rpically found only in fhe upper fwo-fhirds of fhe 
inferfidal zone. The lower one-fhird consisfs of bare 
mud and, af fimes, a layer of micro- and macroalgae. 
This lack of colonizafion is primarily a resulf of fhe 
high duration of flooding. Excepfions fo fhis general 
pattern appear fo occur where fhe tidal amplifude 
is very slighf, as along fhe northern coast of fhe 
Gulf of Mexico. Here, marsh planfs such as Spartina 
alterniflora often grow virfually fo mean low fide 
(Odum, 1988). This is also frue for fhe Mediferranean 
weflands, where normally fhere are no tidal mud flafs 
befween fhe open water and the marsh. 



6.4 STRUCTURE AND DYNAMICS: 
FACTORS AFFECTING BIOMASS 
AND PRODUCTIVITY 



The factors affecting the productivity of salf marshes 
have been sfudied exfensively; more so fhan fhose for 
mangroves. The majority of fhe exisfing sfudies are for 



S. alterniflora, alfhough fhere is considerable informa- 
tion available for ofher species (Hopkinson ef al., 1978, 
1980; Howes ef al., 1981; Morris ef al., 1990, 19901990; 
Clarke and Jacoby, 1994; Huckle ef al., 2000; Ibanez 
ef al., 2000; Mifsch and Gosselink, 2001; Spalding 
and Hesfer, 2007). One reason fhaf fhe producfivify 
of salf marshes has been examined so fhoroughly 
is fhaf if is often remarkably higher than for mosf 
ofher ecosysfem f 5 rpes. Anofher reason is fhat fhere is 
considerable evidence fhaf marsh production forms 
fhe basis of imporfanf esfuarine food chains (Deegan 
ef al., 2000; Winemiller ef al., 2007), alfhough fhe con- 
froversy abouf nufrient subsidy from fhe marsh to the 
estuary ("outwelling h 5 ^othesis," Odum, 1968) still 
remains open (Weinstein and Kreeger, 2000). 

There have been numerous studies of primary 
producfion in salf marshes buf femporal and spafial 
variabilify limifs generalizafions (Odum, 1988). Mosf 
of fhe exisfing producfivify values are for nef produc- 
fion calculafed from changes in live and dead plan! 
biomass over an annual cycle. The dafa of such sfud- 
ies often look more or less like fhe examples given 
in Figure 6.6. Since mosf salf marshes are locafed in 
femperafe climafes, fhe live biomass increases during 
fhe growing season (spring until fall), fhen flowers 
and dies. As fhe grass dies, live biomass decreases 
and dead organic maferial increases. In fhe spring, 
fhe quantify of dead grass decreases as if decom- 
poses. In lower latifude marshes, such as in Louisiana 
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FIGURE 6.6 Seasonal patterns of aboveground live (green 
squares) and dead biomass (black dots) from three marshes 
in the Rhone Delta (France) dominated by different species. 
Source: From Ibdnez et al. (1999). 

and Georgia, there is some growth year-round and 
live material is present at all times. In Louisiana, the 
live biomass of S. patens or Juncus roemerianus does 



not change in any regular marmer. In addition to 
these seasonal differences in marsh grass biomass, all 
marshes studied have distinct differences in bofh live 
and dead biomass between streamside and inland 
marsh locafions, owing fo factors such as variations 
in tidal flooding, nufrienf chemistry, and oxygen con- 
tent of fhe soil. All of them are treated in more 
detail. 

Aboveground productivity estimates, mostly 
Spartina marshes from the Atlantic Coast of North 
America, range from 200 fo 4000 g/m^/year, and 
belowground estimafes from 500 fo 6200 g/m^/year 
(Turner, 1976; Kirby and Gosselink, 1976; Gal- 
lagher et al., 1980; Good et al., 1982; Morris and 
Haskin, 1990; Mendelssohn and Morris, 2000). 
Aboveground primary production of seven coasfal 
marsh species in coastal Louisiana, a microti- 
dal area with high temperature and rainfall, 
ranged from 1355 fo 6043 g/m^/year (Hop- 
kinson ef al., 1978, 1980). Productivity values 
calculated from dafa on changes in marsh grass 
biomass range from less fhan 200 fo greater than 
6000 g/m^/year (Fig. 6.7). The aboveground net 
primary production (NPP) in freshwater tidal 
wetlands of the middle Atlantic coast ranges 
from 1000 fo 4000 g/m^/year, peak aboveground 
biomass from 566-2312 g/m^, and belowground 
biomass from 500 to over 7100 g/m^ (Whigham 
et al., 1978; Odum, 1988; Spalding and Hester, 
2007). 

There have been fewer studies of NPP of coasfal 
Mediterranean marshes (Berger et al., 1978; Ibanez 
et al., 1999, 2000; Cured et al., 2002; Scarton et al., 
2002). Table 6.3 compares the NPP values obtained 
in several studies carried out in the Mediterranean- 
type marshes. Aboveground values are higher in 
reed-type brackish marshes (with a maximum of 
2989 g/m^/year in a Typha angustifolia marsh), 
while shrubby salt marshes show lower values (with 
a minimum of 94 g/m^/year in an Arthocnemum 
macrostachyum marsh). Aboveground NPP in reed- 
type marshes ranges from 452 g/m^/year in a 
Scirpus maritimus marsh fo 2989 g/m^/year in the 
T. angustifolia marsh, both in the Rhone delta. In this 
case, the variation was mainly due to grazing in the 
S. maritimus marsh (the T. angustifolia marsh was 
protected by an enclosure). 

Table 6.4 presents a detailed summary of marsh 
productivity of fhe Ebre (Ebro) delfa, locafed in 
Catalonia (Spain). Soil features (organic matter, C 
and N content) and water and salinity regimes are 
more favorable for produefivity in the brackish 



TABLE 6.3 Net primary production estimates (grams per square meter) from different Mediterranean-type climate coastal marshes (brackish and salt 
marshes) 
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Palissade P. australis/S. 824 Maximum standing Ibanez et al. (1999) 

maritimus crop 

Ebre delta Garxal P. australis 1400 3740 Smalley Cured et al. (1996) 

Vilacoto Cladium mariscus 1620 8070 Smalley Cured et al. (1996) 
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Some estimates from subtropical marshes dominated by Sarcocornia padfica and Batis maritima are also included (Ibanez et al., 2000) 
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marshes, since in the salt marshes organic mat- 
ter and nitrogen content are very low, and h 5 rper- 
salinity is present almost all year. Overall, there 
is an increase in the biomass and primary produc- 
tion as salinity decreases. The brackish marshes are 
dominated by reed-t 5 rpe species, which have a pro- 
nounced seasonality of the aboveground live biomass. 
Shrubby plants dominate the salt marshes and have 
a more constant aboveground live biomass during 
the year, an important part of which is lignified, 
nonphofos 5 mfhefic sfrucfures. Mean annual values of 
aboveground live biomass are quife homogeneous in 
three of fhe marshes (abouf 440-470 g/m^), while 
fhe Cladium marsh (850 g/m^) and fhe S. fruticosa 
marsh (1660 g/m^) show higher values. In fhe salf 
marshes, maximum values of fhe aboveground NPP 
occur in the mixed marsh (840 g/m^/year), which 
has an exceptionally high turnover, followed by 
fhe S. fruticosa marsh (580 g/m^/year) and fhe A. 
macrostachyum marsh (350 g/m^/year). Values of 
belowground mean live biomass, fofal biomass, liffer, 
and production are very high in fhe two brackish 
marshes, especially in the Cladium marsh. Below- 
ground NPP ranges from 3740 fo 8070 g/ m^/year in 
the brackish marshes and from 50 fo 950 g/m^/year 
in the salt marshes. 

The exchange of CO 2 befween marsh planfs 
and fhe afmosphere has also been used fo measure 
producfion (Blum ef al., 1978; Houghton and Wood- 
well, 1980; Hwang and Morris, 1994; Morris and 
Jensen, 1998; Neubauer et al., 2000). There are two 
types of exchange studies, one is by chamber, either 
open or closed, and the other is by eddy flux. This 
lasf fechnique allows fhe examinafion of daily and 
even hourly d 5 mamics of marsh grass producfion. 
Figure 6.8 shows CO 2 exchange befween a marsh 
and fhe afmosphere during fhe summer in New York 
when producfivify was high. There is a nef upfake of 
atmospheric CO 2 during the day when the plants are 
photos 5 mthesizing and a net release at night when 
there is only respiration. The height of fhe fide also 
affecfs fhe rafe of CO 2 exchange wifh fhe afmosphere. 
When the tide is high, more of fhe planf is covered and 
CO 2 exchange is wifh fhe wafer rafher fhan wifh fhe 
afmosphere. Therefore, phofos 5 mfhefic upfake from 
fhe air during fhe day and respiratory release af nighf 
are bofh tower during high fide. This does nof nec- 
essarily mean thaf phofos 5 mfhesis or respiration is 
tower, as some of fhe CO 2 exchange is wifh fhe wafer. 
Buf if does mean fhaf fhe dafa musf be inferprefed 
with care. 

Belowground production of marsh planfs has 
been reporfed less offen fhan aboveground produc- 
fion primarily because if is more difficulf fo measure 



(Gallagher and Plumley, 1979; Good ef al., 1982; 
Schubauer and Hopkinson, 1984; Groenendijk and 
Vink-Lievaarf, 1987; Gurco ef al., 2002; Scarfon ef al., 
2002; Darby and Turner, 2008). In contrasf wifh 
aboveground vegefafion, if is offen very difficulf 
fo distinguish live roofs and rhizomes from dead 
and fo determine disfincf seasonal patterns. Produc- 
fivify estimates for S. alterniflora range from 500 fo 
6200 g/ m^ / year (Good ef al., 1982; Darby and Turner, 
2008). The ratio of fhe aboveground fo belowground 
biomass for S. alterniflora ranges from 0.3 fo 48.9 wifh 
mosf values being higher fhan 1, indicating fhaf fhe 
belowground biomass is almosf always considerably 
greater fhan aboveground biomass. 

6.4.1 The Effect of Measurement Method 
on Productivity Results 

As indicated above, fhere is a high degree of variabil- 
ify among marsh grass producfivify values reporfed 
in fhe liferafure. This is partially a resulf of fhe differ- 
ent methods used. Our purpose here is not to evaluate 
these different techniques in detail but to suggest that 
the method must be known when considering dif- 
ferent productivity values. It is also important to 
understand that different methods tell you different 
things. A good review of mefhods for esfimating NPP 
of salf marsh macrophytes can be found in Morris 
(2007). A comparison of fhe differenf mefhods is also 
available in a number of articles (Turner, 1976; Kirby 
and Gosselink 1976; Hopkinson ef al., 1978, 1980; 
Linthursf and Reimold, 1978; and Shew ef al., 1981; 
Kaswadji ef al., 1990; De Leeuw ef al., 1996; Dai and 
Wiegerf, 1996; Daousf and Ghilders, 1998). 

The mosf commonly used producfion mefhods 
involve fhe harvesf of live and dead grasses, done 
mosf simply by fhe harvesf of peak end-of-season 
live sfanding material. Live material is confinually 
dying, however, so fhaf fhis end-of-season fechnique 
is an underestimate. More sophisficafed mefhods 
include defermining fhe changes in bofh live and 
dead sfanding crop at regular intervals and the 
use of techniques fo esfimafe fhe loss of bofh dead 
and live maferial befween sampling dates (Wiegerf 
and Evans, 1964). Ofher techniques include differenf 
f 5 rpes of fagging fo measure fhe increase in heighf, 
diamefer, and number of leaves as well as fhe disap- 
pearance of individual planfs and leaves (Hopkinson 
ef al., 1978, 1980). As an example, Hopkinson ef al. 
(1980) found fhaf differenf fechniques for measur- 
ing fhe annual nef producfion of salf marsh planfs 
in Louisiana gave highly variable resulfs (Fig. 6.9). 
Kaswadji ef al. (1990) measured fhe aboveground 
producfion of S. alterniflora in a Louisiana salf marsh 
using harvesf mefhods as well as a nondesfrucfive 
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TABLE 6.4 Productivity and other related parameters from several marshes of the Ebre delta (Ibanez et al„ 2000) 





Brackish 


Brackish 


Salt 


Salt 


Salt 




Marsh 


Marsh 


Marsh 


Marsh 


Marsh 


Conductivity 


2.8 


— 


74.2 


— 


58.9 


(mS/cm) 

Water level (cm) 


(2.3 0.7-6.0) 


6.9 (1.1-13.9) 


(37-145) 


_ 


(23-87) 




(-41/22) 




-14.2 




-11.7 


Number of soil 


15 


-2.1 (-20/26) 


(-41/10) 


— 


(-31/10) 


layers 




15 






10 


Sampled thickness 


60 


30 


— 


— 


20 


(cm) 

Organic matter (%) 


38.8 


31.8 


_ 


_ 


5.6 


Carbon (mg/g) 


235.2 


168.3 


— 


— 


50.1 


Nitrogen (mg/g) 


12.43 


7.89 


— 


— 


0.62 


Species composition Cladium mariscus 


Phragmites 


Arthrocnemum 


Sarcocornia 


Sarcocornia 




(76%) 


australis (95%) 


macrostachyum 


fruticosa 


fruticosa (100%) 








(99.2%) 


(62%) 






P. australis (12%) 


Scirpus maritimus 


S. fruticosa (0.8%) 


A. macrostachyum 








(5%) 




(38%) 




Aboveground 
Mean live biomass 


850 


470 


470 


440 


1660 


(g/m2) 

Total biomass 


2360 


2060 


730 


950 


2800 


(g/m2) 
Litter (g/m^) 


1180 


730 


160 


350 


760 


NPP (g/m^/ year) 


1620 


1400 


190 


840 


580 


Turnover 


1.9 


3.0 


0.4 


1.9 


0.3 


Belowground 

Mean live biomass 


5100 


2290 


120 


170 


790 


(g/m2) 

Total biomass 


7910 


3700 


140 


250 


940 


(g/m2) 
Litter (g/m^) 


2870 


1760 


70 


100 


330 


NPP (g/m^/ year) 


8070 


3740 


50 


340 


950 


Turnover 


1.6 


1.6 


0.4 


2.0 


1.2 


Total 

Mean live biomass 


5950 


2760 


590 


610 


2450 


(g/m2) 












Total biomass 


10270 


5760 


870 


1200 


3740 


(g/m2) 
Litter (g/m^) 


4050 


2490 


230 


450 


1090 


NPP (g/m^/ year) 


9690 


5140 


240 


1180 


1530 


Turnover 

Above-below ratio 


1.6 


1.9 


0.4 


1.9 


0.6 


Mean live biomass 


0.17 


0.20 


3.80 


2.59 


3.80 


Total biomass 


0.30 


0.55 


5.26 


3.88 


3.00 


Litter 


0.41 


0.41 


2.20 


3.67 


2.28 


NPP 


0.20 


0.38 


3.71 


2.48 


0.61 



For water level and conductivity, the annual mean value and the range are shown. Species composition includes the % of biomass in relation 
to the mean (standing) biomass of the marsh. 
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FIGURE 6.7 Salt marsh aboveground primary productivity by a region in North America, north of Mexico. Source-. From 
Mendelssohn and Morris (2000). 
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FIGURE 6.8 Solar radiation, atmospheric COj exchange, and tide height for Flax Pond. Source-. From the Flax Pond ecosystem 
study: exchanges of CO 2 between a salt marsh and the atmosphere, Houghton and Woodwell, Ecology, 1980, 61, 1434-1445. 
Source-. Copyright by the Ecological Society of America, reprinted by permission. 



method based on measurement of stem density and 
longevity. Armual production estimates ranged from 
831 to 1873 g/m^/year. It is generally considered 
that techniques that take into consideration changes 
in both live and dead standing material between 



sampling dates give the most accurate estimates of 
production. As a method of quantifying fhe NPP, 
allomefric (nondesfrucfive) mefhods fhaf accounf for 
sfem furnover are preferred over harvesf mefhods 
(Morris, 2007). 
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As an alternative to harvest methods, fluxes of 
CO 2 and CH 4 have been used to estimate the gross 
and net macrophyte productivity under ambient field 
conditions (Blum ef al., 1978; Howes ef al., 1984; 
Whiting and Chanfon, 1996) or under experimental 
conditions such as elevated atmospheric CO 2 con- 
centrations (Rozema et al., 1991; Drake et al., 1997; 
Rasse et al., 2005; Marsh et al., 2005) or manipulated 
soil salinities (Hwang and Morris, 1994). The carbon 
gas flux technique integrates processes that occur 
within and between aboveground and belowground 
compartments (e.g., turnover and translocation) and 
therefore provides a more reliable estimate of fhe fofal 
production than that by harvest methods (Neubauer 
et al., 2000). If carbon fluxes from the sediments are 
measured in situ, the sediment microalgal produc- 
tion can also be calculated (Anderson et al., 1997). 
Morris and Jensen (1998) obtained a limit on the 
gross belowground production of 1310 g/m^/year 
from monthly measurements of canopy and soil CO 2 
exchange in a Danish marsh. CO 2 exchange mefhods 
are useful for partitioning the gross primary pro- 
duction and for comparafive purposes, buf fhey are 
nof well suifed for roufine monitoring of fhe NPP 
(Morris, 2007). 

One promising technology is the application of 
light detection and ranging (LIDAR), which uses the 
same principle as radar (Morris, 2007). LIDAR has 
been used to map marsh terrain and canopy heights 
(Rosso et al., 2006), but further studies have to be 
developed to test the accuracy and feasibility of fhis 
technique. 

6.4.2 Factors Affecting Marsh Production 

A number of facfors affecf fhe producfivify of coasfal 
marshes. Flooding frequency and duration and soil 
salinity are perhaps the key factors, but temperature, 
rainfall, nufrient availabilify, oxygen levels, sedimenf 
type, and drainage are also important. These factors 
are interrelated and are in turn affected by plant 
growth (Mendelssohn and Morris, 2000; Fig. 6.5). Salt 
marshes can have significant interarmual variation 
in productivity due to variation in the above factors 
(Teal and Howes, 1996). Some of fhese facfors cause 
a difference in producfivify over a latifudinal range, 
while ofhers operate at the local level. In this section, 
we consider each of fhese facfors separafely, alfhough 
obviously fhey acf fogefher. 

6.4.2. 1 Solar Radiation, Temperature, 

and Evapotranspiration 

The energy of solar radiation affecfs phofos 5 mfhe- 
sis in several direcf and indirecf ways. Solar energy 



direcfly energizes plant pigments so that the electro- 
magnetic energy of lighf is converfed info chemical 
pofenfial energy. Solar radiation affecfs planfs indi- 
recfly because changes in radiation lead to changes 
in temperature, and temperature directly affects the 
rate of mefabolic processes. Heat energy is used to 
evaporate water and vascular plants obtain essential 
nutrients as a result because nutrients are moved 
from fhe soil fo fhe leaves wifh fhis wafer. Evapo- 
transpiration, as fhis process is called, is femperafure 
dependenf. Planfs change fheir acfivify in response 
fo changes in solar inpufs, for example, as fhe day 
lengfh increases or decreases. 

Solar radiation, femperafure, and evapofranspi- 
rafion acf fogefher fo produce differences in marsh 
production over a latifudinal gradienf. This pro- 
duction gradienf is nof unexpecfed in view of our 
knowledge of ofher species. Geographic variafions 
in fhe growfh of planfs wifh similar physiology, 
lifferfall, and nef ecosysfem production are closely 
correlafed fo latifudinal facfors, especially fempera- 
fure and sunlighf (Rosensweig, 1968; Berfness and 
Permings, 2000; Asaeda ef al., 2005). Low winter 
femperafures and fhe presence of ice affecf fhe win- 
ter minimum biomass found in marshes. Along the 
Atlantic and Gulf coasfs of North America, the min- 
imum winter biomass decreases gradually from lat- 
ifude 28 °N fo 35 °N. Above 38 °N, fhe presence of 
ice generally prevenfs any winter biomass (Turner, 
1976). 

G.4.2.2 Tidal Range 

The fide is one of fhe unique affribufes of esfu- 
aries, and Odum (1974) called esfuaries flucfuafing 
wafer level ecosysfems, which are subsidized by fidal 
acf ion. Differences in marsh producf ion, which appar- 
ently are related in some way to tidal effects, have 
been identified over broad areas wifh diflerenf tidal 
ranges as well as between streamside and inland 
marshes at many different sites. Steever et al. (1976) 
reported a strong correlation between tidal range and 
the peak standing crop of S. alterniflora along fhe 
Cormecficuf coasf unrelafed fo fhe changes in cli- 
mafic and edaphic facfors. When fhey plotted dafa 
from various areas along fhe Aflanfic coasf wifh fidal 
ranges between 0.5 and 2.5 m, a relationship was 
evidenf (Fig. 6.10). In addition, fhey found fhaf a 
"gated" marsh af Westport, Cormecticut, had a lower 
peak standing crop than a nearby marsh where tidal 
exchange was not restricted. Steever et al. (1976) con- 
cluded that the data strongly suggest that the "energy 
subsidy" provided by tidal action is a significant fac- 
tor in the standing crop production of S. alterniflora. 
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Technique 




FIGURE 6.9 Estimates of annual aboveground production calculated from several widely used techniques. Source-. From 
Hopkinson, Gosselink, and Parrondo, production of coastal Louisiana marsh plants calculated from phenometric techniques. 
Ecology, 1980, 61, 1091-1098. Source: Copyright by the Ecological Society of America, reprinted by permission. 



A review on the relationship of S. alterniflora to tidal 
data can be found in McKee and Patrick (1988). 

Spartina alterniflora production is not positively 
influenced by tidal action over an infinite range, 
because, at very high tidal ranges, the tide may 
become a stress. This is demonstrated in the Bay 
of Fundy where the tidal range exceeds 10 m and 
intertidal S. alterniflora is only 10-20 cm high. In 
addition, coastal Louisiana has a low tidal range 
(0.3 m) and very high productivity. This information 
and the scatter of points in Figure 6.10 indicate that 
still more factors are important in determining marsh 
productivity. 

Tidal subsidies may also operate on a smaller 
scale. In almost all marshes, there is a striking 
difference between streamside and inland marshes. 
Turner (1979) showed that the difference between 
peak streamside and inland biomass was greater 
with greater tidal range. Much of the difference 
between streamside and inland marshes is related to 
the movement of water in the two areas. At low tide, 
water drains almost completely from the streamside 
marsh surface. In inland marshes, there is often 
incomplete drainage, leading to ponding and high 
salt levels during periods with high evaporation 
(Odum, 1980). 

Another important factor in the drainage of marsh 
soils is the percolation rate (the rate at which water 
flows through the sediment surface into the deeper 
sediments). In a Massachusetts salt marsh, Howes 
et al. (1981) found that the relative percolation of 
water into sediments was inversely related to grass 
height. The barrier to water movement in the top 
2 cm of the sediment was greatest where tall Spartina 




FIGURE 6.10 Production of intertidal Spartina alterniflora 
versus mean tide range for various Atlantic coastal marshes: 
Long Island Sound, Narragansett Bay, North Carolina, and 
Georgia. Source: From Steever et al. (1976). 



grows. They h 5 rpothesized that fine sediments prob- 
ably filled the sediment pores, forming a relatively 
impermeable layer on the surface. In addition, they 
found that the subsurface sediments of the streamside 
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region drained more rapidly at low tide than inland 
sediments. Thus, the combination of a relatively 
impermeable surface and well-drained sedimenfs 
leads fo high Spartina growfh in fhe sfreamside zone. 
The sifuafion in the inland marsh is just the opposite. 
Water flows freely fhrough fhe surface, buf fhe soils 
drain very poorly and growfh of Spartina is less; a 
response shown experimentally by Mendelssohn and 
Seneca (1980). It is interesting that they also found 
tall Spartina in a narrow zone bordering the upland. 
Here, the water table is depressed because of fhe ele- 
vafion of fhe sife. They concluded fhaf Spartina grows 
well where fhe roof zone is nof waferlogged. Many 
ofher factors fhat affecf Spartina growfh af fhe local 
level are also related to the differences in flooding 
and drainage. We examine fhese nexf. 

6.4.23 Flooding Regime and Rainfall 

Coasfal marshes can be flooded eifher by marine 
wafer (mefeorological and asfronomical fides) or by 
freshwafer (river floods, underground inpufs, and 
rainfall). The fiming and magnifude of seasonal oscil- 
lations in sea level seem fo be fhe crifical facfors 
thaf influence salf marsh producfivify (Morris ef al., 
1990). In a five-year sfudy. Teal and Howes (1996) 
found fhat increasing sea level had a negative effect 
on the biomass of S. alterniflora in a salf marsh from 
Massachusetts. They found a relatively low degree 
of inferannual change in biomass and primary pro- 
duction and concluded fhaf year-fo-year changes in 
production in more frequently flooded salf marsh 
areas may be less susceptible fo variafions in sea 
level. Conversely, in anofher five-year sfudy, Mor- 
ris ef al. (1990) found fhaf fhe armual aboveground 
producfivify of S. alterniflora in a Soufh Carolina salf 
marsh varied by a factor of 2 and correlafed posi- 
tively wifh anomalies in fhe mean sea level during fhe 
growing season. They concluded fhaf fhe effecf of sea 
level anomalies on fhe salinify of intertidal sedimenfs 
probably accounfed for fhe observed changes in fhe 
primary producfion. The higher salinify is a resulf of 
fhe combination of fhe lower flooding frequency and 
higher evapofranspirafion (tower lafifude) in relation 
to the Massachusetts salt marsh. 

In a 13-year study carried out in a salt marsh 
in the Netherlands (De Leeuw et al., 1990), the 
authors found fhaf year-fo-year variation in peak 
aboveground biomass of six annual angiosperm com- 
munities could be explained by fhe rainfall deficif 
during fhe growing season, while inundation fre- 
quency did nof confribufe fo fhe regression model. 
These aufhors suggested fhaf fhe rainfall deficif may 
have influenced vegefafion producfion fhrough ifs 
impacf on soil salinify and soil moisfure confenf, and 



fhey concluded fhaf fhis effecf increases wifh marsh 
elevation, where soil salinify is defermined by fhe 
mufually opposing effecfs of evapofranspirafion and 
precipifafion. Af fidal elevations below mean high 
wafer, flucfuafions in soil salinify are sfrongly related 
fo fhe salinify of fhe inundation wafers and nof fo 
fhe rainfall deficif. Producfivify of coasfal Mediter- 
ranean marshes also seems fo be sfrongly influenced 
by rainfall, owing fo ifs effecf in lowering soil salinify 
(especially in poorly flooded marshes), so fhey are 
more similar to the high marshes in the Dutch study. 
Mediterranean-t 5 rpe salt marshes are less productive, 
likely due to low rainfall during summer leading fo 
salt and water stress. Other authors (Zedler, 1983; 
Dame and Kermy, 1986; Giroux and Bedard, 1987) 
have also attributed year-to-year differences in salt 
marsh production to climatic variability. 

Temporary impounding can cause a decrease in 
production if rainfall is low and soil salinities increase, 
buf if can also resulf in increased producfion if salin- 
ities drop because of high precipifafion or upland 
runoff during fhe impounded period (Zedler ef al., 
1980). On fhe ofher hand, increased flooding may 
negatively affecf producfion by decreasing sedimenf 
oxidafion. Wafer logging is a key facfor affecting redox 
pofenfial, which in torn affecfs sulfide concenfrafions 
and fhe availabilify of nufrienfs in fhe soil fo planfs 
(Mendelssohn and McKee, 1988; Permings and Call- 
away, 1992; Mendelssohn and Morris, 2000). 

G.4.2.4 Salinity 

Salinify is also an importanf deferminanf of salt 
marsh growth (Adams, 1963). Adams also reported 
that soil salinities of 70 ppf prevented fhe esfablish- 
menf and survival of mosf salf marsh species. On 
fhe ofher hand, S. alterniflora grown in freshwafer 
becomes chlorotic, and fhe besf growfh is af 10 ppf 
salinify. Linfhursf (1980) reported fhaf, alfhough fhe 
growfh of S. alterniflora was less af 30 and 40 ppf, 
growfh af fhese salinities was sfimulafed by aerafion 
and nifrogen addifions. Af high salinifies, osmofic 
sfress (resulfing in reduced water uptake) and cell 
membrane damage are likely to limit growth. Mem- 
brane permeability changes can reduce the influx of 
necessary nufrienfs and/ or cause leakage of nufrienfs 
from fhe roofs fo fhe surrounding subsfrafe. Increased 
permeabilify may also decrease fhe effecfiveness of 
any selective ion uptake mechanisms in addition to 
increasing the potential for losses of needed oxygen 
from fhe roofs (Linfhursf, 1980). Halophyfes seem fo 
deal wifh osmofic sfress by selectively concenfrafing 
preferred ions while making mefabolic adapfafions 
fo fhe high concenfrafions of ions. In addition, fhese 
planfs have fhe capacify for salf removal via salf 
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TABLE 6.5 Salinity values for optimum growth for 
several halophytes 



Species 


Optimum Growth 

(ppt NaCl) Reference 


Sarcocornia 


10 


Grouzis (1973) 


fruticosa 


S. fruticosa 


12.3-24.6 


Abdulrahman 
and Williams 
(1981) 


Sarcocornia 


0 


Adams and 


perennis 




Bate (1994) 


Sarcocornia 


21.6 


Naidoo and 


nataiensis 




Rughunanan 

(1990) 


Salicornia emerici 


10 


Grouzis 

(1973) 


Salicornia patula 


3 


Grouzis et al. 
(1977) 


Salicornia 


3 


Grouzis et al. 


brachystachya 




(1977) 


Salicornia rubra 


12.3-24.6 


Tiku (1976) 


Salicornia 


14.4 


Webb (1966) 


bigelovii 


S. bigelovii 


3. 6-7. 2 


Ayala and 
O'Leary 
(1995) 


Salicornia 


3. 6-7. 2 


Rozema (1991) 


dolischostahya 


Suaeda maritima 


3. 6-7. 2 


Rozema (1991) 


Halimione 


3. 6-7. 2 


Rozema (1991) 


portulacoides 


Atriplex 


3. 6-7. 2 


Rozema (1991) 


nummularia 



glands and a mechanism in the roots for slow- 
ing the inward penetration of toxic ions. The resulf 
of fhis process is readily observed in fhe form of 
fhe salf deposifs found on fhe leaves of S. alterni- 
flora and in ofher halophyte species (Ibanez ef al., 
2000 ). 

Usually, fhe opfimal salinify for maximum salf 
marsh growfh is in fhe range of 100-200 mM (7.2-14.4 
ppf), and fhe growfh is significanfly reduced as 
salinity increases or decreases (Table 6.5). Salicornia 
bigelovii is a succulent armual species that occurs in 
coastal estuaries and is reported to have maximum 
growth at about 14 ppt. The deleterious effects of 
salinity are assumed to result from wafer sfress, ion 
foxicifies, ion imbalance, or a combinafion of fhese 
facfors (Ayala and O'Leary, 1995). These aufhors also 
concluded fhaf fhe reduced growfh af subopfimal 
salinity is apparently neither due to an insufficient 
supply of phofos 5 mfhafe fo supporf growfh nor is if 
due fo less fhan favorable wafer relafions in fhe shoofs 
as had been suggested earlier, buf if rafher seems as 



if fhe growfh differences may be more closely relafed 
fo differences in ionic relations. 

In one greenhouse experiment, Rozema (1991) 
found fhaf wifh 17 halophyfic species only fhose 
from fhe genera Salicornia and Suaeda showed an 
increase in fhe mean relafive growfh rate under saline 
condifions. Chenopodiaceae species such as Atriplex 
nummularia, Suaeda maritima, Halimione portulacoides, 
and Salicornia dolichostachya have been found fo have 
maximum growth rates where the external salinity 
is 50-100 mM NaCl (3.6-7.2 ppt) (Rozema, 1991). 
Rozema discussed the suboptimum growth of differ- 
enf Chenopodiaceae species from saline habifafs and 
suggested fhat unfavorable wafer relafions (fhe over- 
all wafer balance of fhe planf ) af 0 mM NaCl are impli- 
cated in fhe growfh reducfion. Salinify is necessary 
fo mainfain fhe furgor pressure pofenfial required for 
growfh. 

Zedler (1983) found fhaf a short-ferm reducfion 
in the salinity of normally h 5 rpersaline soils was fol- 
lowed by a 40% increase in fhe Augusf biomass of 
Spartina foliosa af fhe Tijuana esfuary (soufhem Cal- 
ifornia) and fhaf a longer period of brackish wafer 
influence in Los Peasquifos lagoon was followed by 
a 160% increase in fhe Augusf biomass of Sarcocornia 
pacifica. The largesf increase in salf marsh biomass 
occurred in a nontidal lagoon with a relatively small 
increase in stream discharge, while tidal marshes 
underwent lesser changes in biomass following major 
flooding evenfs. 



6.4.2. 5 Other Factors Affecting Marsh 

Productivity at the Locai Levei 

A number of facfors affecf fhe growfh of salf 
marsh planfs wifhin a local area. These include nufri- 
enf levels (such as fhe concenfrafion of N, P, and 
Fe), fhe pH and Eh of fhe soil, waferlogging and 
drainage of fhe soil, oxygen levels, sediment type, 
herbivory, and competition, among others. These fac- 
tors are interrelated and affect plant growth and in 
turn are affected by it. Ibanez et al. (2000) and also 
Mendelssohn and Batzer (2006) provide reviews of 
fhese facfors. Since nufrienfs are one of fhe mosf 
imporfanf facfors limifing planf growfh, we begin 
our discussion wifh fhis subjecf. 

Although there is no consensus on the details, 
a general model has emerged that S. alterniflora is 
generally limited by N availability and that N avail- 
ability on a physiological level is dictated by the 
presence of salfs, sulfides, and oxygen that mod- 
ify fhe kinefics of N upfake (Morris, 2007). Sfudies 
over a wide geographic range have shown fhaf fhe 
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addition of inorganic nitrogen (but seldom inor- 
ganic phosphorus) increases the growth of S. alterni- 
flora and other species (Sullivan and Daiber 1974; 
Valiela and Teal, 1974; Patrick and DeLaune, 1976; 
Mendelssohn, 1979a, 1979b; Buresh et al., 1980; Mor- 
ris, 1991; Kiehl et al., 1997; Leendertse et al., 1997; 
Rozema et al., 2000; Deegan et al., 2007; Bertness 
et al., 2008). 

These results clearly show that the plant 
macronutrient that most limits Spartina growth 
is nitrogen. However, other studies show that 
additional factors affect nitrogen uptake by plants. 
For example, in both Louisiana and Georgia marshes, 
nitrogen addition gave a greater response in inland 
marshes than it did in streamside marshes (Buresh 
et al., 1980). These and other studies in Louisiana, 
North Carolina, and Massachusetts have shown that 
ammonia levels were higher in inland marsh soils, 
although Spartina growth was less (Mendelssohn, 
1979a, 1979b; Valiela and Teal, 1974, 1979; Buresh 
et al., 1980; Craft et al., 1991; Mendelssohn and 
Morris, 2000). Thus, higher nitrogen does not 
necessarily mean greater plant growth (Turner et al. 
2009). Some other factors can help explain these 
results. 

The amount of oxygen present in marsh soils is an 
important factor affecting plant growth. Maximum 
growth of S. alterniflora occurs in oxygenated soils, 
and the H 2 S produced in anaerobic sediments inhibits 
respiration and nutrient uptake (Mendelssohn and 
Morris, 2000). Marsh soils, however, are almost 
completely anaerobic. How then do Spartina and 
other marsh plants achieve such high growth? 
The answer to this question is a function of both 
plant metabolism and the drainage characteristics 
of marshes. The pH of the soil also affects plant 
growth. Linthurst (1980) reported that the growth 
of Spartina was optimal at pH 6 in comparison to a 
pH of either 4 or 8. The ecophysiological response 
of marsh plants to stress factors is explained in the 
following section. 

The nature of the soil in marshes affects the 
growth of marsh plants. Fine-grained clay and silty 
clay soils have higher nutrient levels than sandy soils 
and support greater growth of marsh grasses. Soil 
density is highest in streamside marsh soils because 
of the input of mineral sediments during high tide. 
DeLaune et al. (1979) found in Louisiana that the 
aboveground standing crop of S. alterniflora was 
correlated with soil bulk density. This correlation was 
apparently a result of the association of this property 
with the content of mineral matter in the soil. They 
also found that the input of nutrients with new 
sediments was the most important source of "new" 



nutrients for the salt marsh. Since the sedimentation 
rate is much higher on streamside marshes, this is 
a contributing factor causing higher productivity 
(due to better soil drainage) compared with marshes 
further inland. Craft (2007) found that tidal fresh and 
brackish marsh soils across all geographic regions 
of the contiguous United States had significantly 
lower bulk density and greater percent organic C, N, 
and P than salt marshes and that vertical accretion 
and N accumulation were negatively correlated with 
salinity. 

Some studies indicate that the age of a plant 
stand affects its productivity (Bertness, 1987). ITiese 
finding suggest that, as a marsh ages, there is 
increasing belowground biomass, especially of 
refractory organic materials. Nutrients become tied 
up as organic nutrients in the biomass and are less 
available for new plant growth. 

Herbivory can also affect the growth of marsh 
grasses. Early studies in North American salt marshes 
concluded that plant-herbivore interactions were of 
little consequence to community d 5 mamics and pro- 
ductivity (Teal, 1962; Marples, 1966). The prevailing 
paradigm in marsh ecology for nearly five decades 
has been that bottom-up forces are the primary deter- 
minants of plant production (Mitsch and Gosselink, 

2001) . Recent research on the East Coast of the 
United States from Virginia to Louisiana (Silliman 
and Zieman, 2001; Silliman and Bertness, 2002; Silli- 
man et al., 2005), which employed grazer exclusion 
experiments, has challenged the current marsh the- 
ory and suggests that powerful trophic interactions 
can influence the high primary production observed 
in these communities. These authors showed that 
(i) the snail Littoraria strongly suppresses cordgrass 
production ever 5 rwhere on the marsh surface (both 
short-form and tail-form Spartina zones) where it 
reaches high densities and (ii) snail-grazing impacts 
are strongest in the N-rich, tail-form Spartina zone. 
They also suggested that predators (mostly blue crab), 
by controlling snail densities, indirectly facilitate the 
high levels of primary production observed in salt 
marsh communities. These findings have important 
implications for the long-term conservation of salt 
marshes, since intense fishing off the East Coast of the 
United States has led to depleted densities of preda- 
tors in estuarine communities (Silliman and Bertness, 

2002 ) . 

Competition is also a factor affecting marsh pro- 
ductivity. In southern California, Permings and Call- 
away (1992) showed that the growth of S. pacifica and 
Arthrocnemum subterminalis was negatively affected 
by flooding, salinity, and competition. However, the 
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TABLE 6.6 Services provided by coastal wetlands 
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Coastal Wetlands 



Provisioning 


Food 


Production of fish, algae, and 
invertebrates 


• 


• 


• 


• 


• 


• 


• 


• 


Freshwater 


Storage and retention of water; 
provision of water for irrigation 
and for drinking 


• 




• 












Fiber, timber, fuel 


Production of timber, fuelwood, 
peat, fodder, and aggregates 


• 


• 


• 












Biochemical 

products 


Extraction of materials from biota 


• 


• 






• 






• 


Genetic materials 


Medicine; genes for resistance to 
plant pathogens, ornamental 
species, and so on. 


• 


• 


• 




• 






• 


Regulating 


Climate regulation 


Regulation of greenhouse gases, 
temperature, precipitation, and other 
climatic processes; chemical 
composition of the atmosphere 


• 


• 


• 


• 




• 


• 


• 


Biological 
regulation (C11.3) 


Resistance of species invasions; 
regulating interactions between 
different trophic levels; preserving 
functional diversity and interactions 


• 


• 


• 


• 




• 




• 


Hydrological regimes 


Groundwater recharge/discharge; 
storage of water for agriculture or 
industry 


• 




• 












Pollution control 
and detoxification 


Retention, recovery, and removal of 
excess nutrients and pollutants 


• 


• 


• 




? 


• 


• 


• 


Erosion protection 


Retention of soils 


• 


• 


• 








• 


• 


Natural hazards 


Elood control; storm protection 


• 


• 


• 


• 


• 


• 


• 


• 


Cultural 


Spiritual and 
inspirational 


Personal feelings and well-being 


• 


• 


• 


• 


• 


• 


• 


• 


Recreational 


Opportunities for tourism and 
recreational activities 


• 


• 


• 


• 


• 






• 


Aesthetic 


Appreciation of natural features 


• 


• 


• 


• 








• 


Educational 


Opportunities for formal and 
informal education and training 


• 


• 


• 


• 




• 




• 


Supporting 


Biodiversity 


Habitats for resident or 
transient species 


• 


• 


• 


• 


• 


• 


• 


• 


Soil formation 


Sediment retention and accumulation 
of organic matter 


• 


• 


• 


• 










Nutrient cycling 


Storage, recycling, processing, 
and acquisition of nutrients 


• 


• 


• 


• 


• 


• 




• 



Source: Millennium Ecosystem Assessment (Finlayson et al.,2005). 
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relative importance of these factors to the plants var- 
ied across the marsh. Thus, the benefit of reduced 
flooding in fhe Arthrocnemum zone outweighs fhe 
disadvantage of higher salinify and consequenf lower 
water potential, and both species grow better in the 
Arthrocnemum zone than in the low Sarcocornia zone. 
In contrast, both species do poorer in the transition 
zone than in the Arthrocnemum zone, even though 
flooding is greafly reduced, probably because of fhe 
high salinify of fhe fransifion zone soil. Similarly, 
although removal of compefifors usually increased 
plan! growfh dramafically, Arthrocnemum planfs in 
the low Sarcocornia zone did not have high productiv- 
ity, presumably because of harsh physical conditions. 

A final major factor fhaf is parfly responsible 
for the high productivity of salt marshes is that 
many species of salt marsh plants have the C4 bio- 
chemical pathway of phofos 5 mfhesis. C4 planfs have, 
as a group, higher levels of producfion fhan mosf 
ofher planfs (C3 planfs). The designafion refers fo 
the number of carbon atoms in the initial product of 
photosynthesis, which is phosphoglycerate acid for 
C3 planfs and malafe acid for C4 planfs. The defails 
of fhe biochemisfry of fhe fwo pafhways can be found 
elsewhere (Mifsch and Gosselink, 2001). The response 
of fhese fwo f 5 rpes of planfs fo different environmental 
parameters is of inferesf here. C4 planfs have much 
higher lighf and femperafure safurafion levels fhan 
C3 planfs. For example, fhe summer temperature opti- 
mum for S. alterniflora (a C4 planf) is 30-35 °C, while 
fhaf for /. roemerianus (a C3 planf) is 25 °C (Giurgevich 
and Durm, 1979). This means fhaf, as fhe femperafure 
or light rises, the photos 5 mthesis rate for G3 planfs 
levels off earlier fhan for C4 planfs. There is also less 
wafer franspired per unif phofos 5 mfhesis in G4 planfs. 
This could be imporfanf in limiting salf buildup on fhe 
leaf surface when franspiring salfy esfuarine wafer. 
Mosf C3 planfs exhibif levels of phoforespirafion fhaf 
are higher relative fo phofos 5 mfhesis fhan G4 planfs. 
For example, phoforespirafion for S. alterniflora is 
11-40% of phofos 5 mfhesis, while fhaf for /. roemeri- 
anus is 54% (Giurgevich and Durm, 1979). Since many 
salf marsh species (including Spartina sp. and Dis- 
tichlis sp.) are G4 planfs, fhis leads fo generally high 
marsh productivity. 

6.5 ECOPHYSIOLOGICAL 
RESPONSE OF MARSH 
VEGETATION TO STRESS FACTORS 

Gonsiderable attention in salt marsh ecology, espe- 
cially during the 1970s, was directed at understanding 



the nutrients that limit the growth of Spartina (Sullivan 
and Daiber, 1974; Broome ef al., 1975; Gallagher, 1975; 
Valiela and Teal, 1974; Mendelssohn, 1979a). Fertil- 
ization experimenfs have consisfenfly demonsfrafed 
fhaf, in areas of low producfivify, shorf Spartina can 
be sfimulafed by fhe addifion of inorganic nifrogen, 
fhaf is, ammonium or nifrafe (Mendelssohn, 1979a). 
Phosphorus can be fhe primary nufrienf limiting fhe 
producfivify of Spartina growing on sandy subsfrafes 
(Broome ef al., 1975) and can also be secondarily 
limiting in some marshes. For example, in a Soufh 
Garolina salf marsh, fhere was no growfh response 
from Spartina in plofs freafed only wifh phosphorus, 
buf fhe combination of phosphorus- and nifrogen- 
sfimulafed growfh fo a greater exfenf fhan nifrogen 
alone, which indicates fhaf phosphorus becomes lim- 
iting when nifrogen loading exceeds a fhreshold 
(Morris, 1988). Alfhough some earlier invesfigafions 
have suggesfed fhaf iron may limif Spartina growfh 
(Adams, 1963), experimenfal documenfafion is lack- 
ing (Broome ef al., 1975). However, there are strong 
biogeochemical interactions among iron, phosphorus, 
and sulfide fhaf may well determine fhe availabilify 
of bofh iron and phosphorus fo salt marsh vegetation. 

By the 1970s, the scientific evidence was sfrong 
fhaf nifrogen deficiencies limit the growth of 
Spartina in fhe same way fhat nifrogen scarcifies 
limif fhe growfh of phytoplankton in marine and 
esfuarine environmenfs (Valiela, 1995). However, 
ofher evidence based on whole marsh nitrogen 
budgets and standing stocks suggested that nitrogen 
limitation was a more complex phenomenon than 
first imagined. Investigations quantifying plant- 
available inorganic nitrogen concentrations along 
the Spartina productivity gradient documented that 
interstitial ammonium, the dominant inorganic 
nitrogen form in mosf salf marshes, was offen an 
order of magnifude higher in fhe less productive 
inland (shorf) Spartina zone fhan in the more 
productive streamside (tall) zone (Craft et al., 1991; 
Mendelssohn, 1979b). Later, it was shown that pore 
water concentrations of ammonium in marshes are 
more fhan an order of magnifude more concenfrafed 
fhan fhe combination of ammonium and nifrafe in 
tidal wafer (Mendelssohn and Morris, 2000). Thus, 
the diffusion gradienf for ammonium, fhe dominanf 
form of nifrogen in marsh sedimenfs, is from fhe 
sedimenf fo fhe surface wafer, suggesfing fhaf fhe 
sedimenf produces a surplus of ammonium nifrogen. 
Likewise, research on the nitrogen budgets of marsh 
ecosysfems was begirming fo show fhaf salf marshes 
exporfed more inorganic nifrogen fhrough tidal 
exchange fhan was imported (Valiela and Teal, 1979). 
Thus, nifrogen seems fo be presenf in abundance in 
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salt marsh environments, but Spartina is apparently 
incapable of taking advantage of if. 

Begirming in fhe 1980s, research was beginning 
fo poinf fo a link between fhe physiology of nifro- 
gen uptake in S. alterniflora and the biogeochemical 
properties of fhe soils. Researchers esfablished a pos- 
itive relafionship between ammonium uptake and 
oxygen in hydroponic cultures (Morris, 1984; Mor- 
ris and Dacey, 1984). The rate of uptake under 
anaerobic conditions was approximately 50% lower 
than that found in 02-saturated treatments (Morris, 
1984). Although S. alterniflora has a well-developed 
aerenchyma (airspace) system, it is not able to allevi- 
ate root oxygen deficiencies in the more biochem- 
ically reduced zones of the marsh (Mendelssohn 
et al., 1981). There was also growing evidence that 
H 2 S toxicity may contribute to the development of 
growth forms of S. alterniflora by inhibiting ammo- 
nium uptake (King et al., 1982; DeLaune et al., 1983; 
Morris, 1984; Mendelssohn and McKee, 1988; Koch 
and Mendelssohn, 1989; Bradley and Morris, 1990), 
and it was confirmed that H 2 S at concentrations t 5 rp- 
ical of those found in salt marsh sediments had the 
effect of lowering the raising the for 

ammonium uptake. Furthermore, H 2 S inhibits the 
anaerobic production of energy, thus providing a 
mechanism for the effect of H 2 S on nitrogen uptake 
kinetics (Koch et al., 1990). Salt water cations such 
as sodium can also affect the uptake of ammonium 
by competing for carriers of ammonium on the root 
membrane. At salinities t 5 rpical of salt marshes, this 
has the effect of lowering the for ammonium 
uptake and reducing the efficiency of the uptake 
mechanism by the roots (Bradley and Morris, 1991). 
Also, in response to high salinity, S. alterniflora pro- 
duces nitrogenous organic solutes (e.g., proline and 
glycinebetaine), which help in osmotic adjustment, 
but reduce the nitrogen available for plant growth 
(Cavalieri and Huang, 1981). 

Nutrient absorption across root membranes is 
an active metabolic function that requires the con- 
sumption of oxygen (Epstein, 1972). The anatomy of 
Spartina allows for diffusion of oxygen to the root sys- 
tem (Arenovski and Howes, 1992; Howes and Teal, 
1994; Teal and Kanwisher, 1966). This is an adaptation 
that is t 5 rpical in wetland plants (Armstrong, 1979). In 
Spartina, the movement of oxygen into the root system 
is aided by the process of hygrometric pressurization 
(Hwang and Morris, 1991), but in the absence of a sup- 
ply of oxygen in the soil, the rate of internal oxygen 
transport within the plant is apparently insufficient 
to promote a highly efficient nutrient uptake mech- 
anism (Morris and Dacey, 1984), and root anaerobic 
metabolism may occur (Mendelssohn and McKee, 



1987; Mendelssohn et al., 1981). For reasons that are 
not understood, the convective flow of gas through 
Spartina does not approach that of Phragmites or Typha 
(e.g. Brix et al., 1992). Under anoxic conditions, the 
production of energy via aerobic root respiration is 
impaired, and root alcoholic fermentation, the dom- 
inant pathway of anaerobic carbon metabolism in 
plants (Ap Rees, 1974), becomes the primary energy 
source in flood-adapted plants. Thus, the ability of 
Spartina to maintain high rates of alcoholic fermen- 
tation during root h 5 rpoxia / anoxia is of paramount 
importance to its growth and survival in flooded envi- 
ronments (Mendelssohn et al., 1981; Mendelssohn and 
McKee, 1987; Mendelssohn and Morris, 2000). 



6.6 FACTORS AFFECTING MARSH 
ACCRETION AND HABITAT 
CHANGE 



Coastal marshes are known to have maintained an 
elevation in equilibrium with mean sea level for 
thousands of years (Redfield, 1972). They do this by 
accumulating mineral sediment and organic matter 
(Stevenson et al., 1986). Interestingly, some marshes, 
common in New England, are peat dominated and 
apparently maintain elevation primarily by accumu- 
lating organic matter, while other marshes primarily 
accrete mineral sediment. The details of how they 
accomplish this in some cases, and not in others, 
and how and where they equilibrate within the tidal 
frame are currently areas of active research. Com- 
monly, stable intertidal salt marshes occupy a broad, 
flat expanse of landscape often referred to as the marsh 
platform at an elevation within the upper part of the 
intertidal zone (Krone, 1985). Marsh vegetation, how- 
ever, is known to grow at a wide range of elevations 
sparming the tidal range (McKee and Patrick, 1988; 
Day et al., 1999). 

Recent work has shown that the relative elevation 
of the salt marsh surface is an important variable 
that controls the productivity of the salt marsh plant 
community. Moreover, the productivity or biomass 
density, in turn, influences the rate of accretion of 
the marsh surface (Morris et al., 2002; Kirwan and 
Murray, 2007; Mudd et al., 2009; Kirwan et al., 2010; 
D'Alpaos, 2011). The elevation of the marsh platform 
relative to mean high water and mean sea level 
determines the inundation frequency, duration and, 
consequently, wetland productivity (Fig. 6.11). There 
is a species-specific optimum elevation and hydrope- 
riod for marsh vegetation, and, at superoptimal 
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elevations, an increase in the mean sea level relative 
to the marsh surface will stimulate growth (Morris 
and Haskin, 1990). The sedimentation rate is affected 
positively by the biomass density of marsh vege- 
fafion due fo fhe drag exerfed by fhe planf canopy 
(Leonard and Lufher, 1995; Chrisfiansen ef al., 2000; 
Morris ef al., 2002). Hence, in response fo rising sea 
level, an increase in biomass density will increase 
sedimentation rate, thereby raising the elevation 
of fhe marsh. Also, wifh increased planf growfh, 
belowground producfivify, which also confribufes fo 
elevation change (McKee ef al., 2007), may increase. 
The equilibrium elevafion is inversely relafed fo fhe 
rafe of sea level rise and subsidence. Thai is, when 
rafes of sea level rise and / or subsidence increases, fhe 
equilibrium elevafion will decrease. One implication 
of fhis feedback is fhaf a vegefafed marsh is only 
sfable when ifs elevafion is superopfimal, because 
af subopfimal elevations an increase in sea level will 
depress growfh and, fhus, sedimenfafion. Marsh 
species or communities f 5 qtically segregafe along 
genfly sloping topographic gradienfs on fhe marsh 
plafform. The competitive balance among species 
is determined largely by fhe relative elevafion of a 
site (Berfness, 1991; Permings ef al., 2005), and fhe 
oufcome determines primary producfion as well 
as fhe sedimenfafion rafe. There are infraspecific 
differences among marsh macrophytes in fheir eftecf 
on fhe sedimenfafion rafe. For example, Leonard 
and Lufher (1995) demonsfrafed fhaf /. roemerianus 
and S. alterniflora af equal densities have significanfly 
differenf effecfs on fhe furbulence infensify of fhe 
floodwafer over a marsh, which has a greaf effecf on 
sedimenfafion and erosion. Thus, fhe nef sedimen- 
fafion rafe is a funcfion of species composifion and, 
as nofed above, producfivify and biomass densify. 
Therefore, fhe compefifive interactions among 
planf species are mediafed by fhe influence of fhe 
vegefafion on sedimenf accretion and modificafions 
fo fhe relafive elevafion of fhe marsh surface (Morris, 
2006). More defail on fhe response fo sea-level rise 
can be found in chapfer 20 on climate change. 



6.7 FUNCTIONS, VALUES, AND 
ASSESSMENT OF COASTAL 
MARSHES 



From an ecological sfandpoinf, weflands perform a 
wide variefy of funcfions af a hierarchy of scales 
ranging from fhe specific (e.g., nifrogen refenfion) fo 
fhe more encompassing (e.g., biogeochemical cycling) 





FIGURE 6.1 1 Equilibrium combinations of (a) productivity 
and (b) depth below mean high tide (MHT) as functions of 
the rate of relative sea level rise, for estuaries characterized 
by (i) high and (ii) low sediment loading. The optimal 
depth is the depth below MHT that results in maximum 
productivity. Source: From Morris et al. (2002). 



as a result of fheir physical, chemical, and biological 
affribufes. Af fhe highesf level of fhis hierarchy is fhe 
mainfenance of ecological infegrify, fhe funcfion fhaf 
encompasses all ecosysfem sfrucfure and processes. 
The link between funcfion and condifion lies in fhe 
assumpfion fhaf ecological infegrify is an infegraf- 
ing "super” funcfion of weflands. If fhe condifion is 
excellenf (i.e., equal fo reference condifion or some 
"ideaF' condifion), fhen fhe ecological infegrify of fhe 
wefland is infacf and fhe funcfions fhaf are fypical of 
fhaf wefland type also occur at reference levels (Fen- 
nessy ef al., 2004). A defailed lisf of funcfions, values, 
and services provided by coasfal weflands is shown 
in Table 6.6. 

The assessmenf of fhe wefland condifion, based 
on a sef of indicafors, is necessary fo quanfify fhe eco- 
logical sfafus of fhe ecosysfem and ifs deviafion from 
reference condifions. According fo fhe resulfs of fhe 
assessmenf, scienfisfs and managers can have guid- 
ance fo esfablish resforafion and managemenf mea- 
sures fo improve fhe wefland condifion. Nowadays, 
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there is a large number of assessment methods world- 
wide, especially in the United States and the European 
Union. Table 6.7 shows a list of rapid assessment types 
and possible outputs for different purposes. 

6.7.1 Indicators of Coastal Marsh 
Stability and Productivity 

The health and productivity of coastal wetlands are 
dependent on the success of the plant life, which in 
turn is dependent on the plants' relationship to sed- 
iment, sea level, and the tide. Many coastal marshes 
depend on sediments supplied by rivers to counter- 
act the effects of land subsidence, sea level rise, and 
sediment compaction. In some areas, changes on the 
land have led to reduced riverine sediment supply to 
marshes, leading to a decrease in height relative to 
the mean sea level. Where dams or levees have been 
constructed to prevent flooding, marshes have been 
cut off from their source of sediment, and the net 
effect is conversion of marsh habitat to open water 
(Day et al., 2007). 

Vertical elevation is a critical variable that deter- 
mines the productivity and stability of salt marshes. 
The long-term existence of the salt marsh depends on 
the success of the dominant plants, such as Spartina 
and Juncus spp., and their close relationship to sed- 
iment supply, sea level change, and tidal range. 
Researchers at the University of South Carolina and 
the Marine Biological Laboratory in Woods Hole have 
developed two coastal indicators that can be applied 
to assess the condition of coastal marshes (Morris 
et al., 2002; Morris, 2007). One is the vertical elevation 
relative to the mean sea level (geomorphic) and the 
other is the level of stress of marsh vegetation (physi- 
ologic). The following two sections provide examples 
of two indicators. 

6.7. 1. 1 Geomorphic Indicator 

The vertical elevation relative to the mean sea 
level is an important geomorphic indicator of marsh 
productivity and stability and is determined by using 
LIDAR remote sensing. This LIDAR elevation data is 
combined with a high resolution airborne data acqui- 
sition and registration (ADAR) digital camera image 
of the marsh landscape to construct a frequency dis- 
tribution of marsh land cover with elevations relative 
to the elevation of the mean sea level. The frequency 
distribution is then compared to optimal distributions 
across the range of tolerance for the specific vegeta- 
tion. The height of coastal marshes relative to the sea 
level moves upward or downward toward equilib- 
rium with the sea depending on factors such as the 
rate of sea level rise and amount of sedimentation. 
When this equilibrium drops below an optimum level 



either by a rapidly changing sea level or by changes 
in the supply of mineral sediment and organic matter, 
the salt marsh vitality declines. A decline in the rela- 
tive elevation of the marsh surface below an optimum 
suggests that coastal marshes are on a course leading 
to degradation. 

6.7. 1.2 Physioiogicai Indicator 

The level of stress of marsh vegetation is an 
important indicator of marsh productivity and stabil- 
ity. Two complementary measurements, one ground 
based and the other remotely sensed, are applied to 
measure stress. One ground-based technique is based 
on the fluorescence emitted by a leaf as measured 
by a pulse-amplitude-modulated (PAM) fluorescence 
meter and gives an estimate of the efficiency of 
energy utilization by the leaf. A healthy leaf will 
have higher energy efficiency than a leaf that is 
stressed. The remotely sensed measurements detect 
different forms of xanthophyll pigments. Xanthophyll 
pigments change form in order to protect the plant's 
photosystems, so they can be used as an indicator 
of stress. The stress of marsh vegetation, as mea- 
sured by the spectral reflectance of plant pigments, is 
governed by nutrient and water availability, phyto- 
toxins, salinity, and the relative sea level. Combining 
marsh elevation data with measurements of the level 
of stress of vegetation is an integrative indicator of 
marsh productivity, health, and stability. 

These indicators offer a cost-effective method for 
assessing the risk for wetland loss, as well as for 
monitoring the condition of coastal wetlands and the 
success of restoration efforts. Resource managers can 
use this information, for example, to apply mitiga- 
tion techniques for adjusting the sediment supply for 
wetlands at high risk of inundation. 



6.8 HUMAN IMPACTS AND 
MANAGEMENT OF COASTAL 
MARSHES 



Human activity has impacted coastal marshes in 
many ways from direct destruction to environmen- 
tal factors that affect marsh sustainability. One of 
the major ways in which coastal marshes have been 
impacted by human activity is by physical alterations 
that have led to the direct and indirect destruction 
of wetlands. A number of both natural and cultural 
factors lead to wetland loss, but in general, cultural 
factors have been more important. Wetlands along 
the US coast in areas with high population densities 
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TABLE 6.7 Rapid assessment types and possible outputs for different purposes 




General 








Resource 


Purpose 


Biodiversity baseline 


Disturbance and Ecosystem Health 


Use 


Specific 


Baseline inventory; 


Conservation of 


Change detection Overall ecosystem 


Sustainable use of 


purposes 


prioritization; 


specific species; 


health or 


biological 




conservation; 

identification 


status of alien 
species 


condition 


resources 


Assessment 

type 


Baseline inventory 


Species-specific 

assessment 


Change Assessment Indicator 

assessment 


Resource assessment 


Types of 


1 . Species lists/ 


1. Status of a focal 


1. Monitoring data 1 . Data on health 


1 . Presence, status 


data and 


inventories 


species: 


or condition of 


and condition of 


analyses 




distribution, 
abundance, 
population 
size/structure, 
genetic, health, 
size, species 
interactions, 
nesting, breeding 
and feeding 
information 


inland water 
systems 


economically, 
culturally, 
nutritionally, and 
socially important 
species 




2. Habitat type lists/ 


2. Ecological data 


2. Effects of an activity2. Water quality 


2. Information on 




inventories 


on focal species; or disturbance on data 

habitat, symbionts, habitat/species/ 

predators, prey, communities: 

etc. diversity loss, 

genetic issues, 
habitat changes or 
loss 


sustainable use of 
a species 




3. Limited data on 


3. Threats to focal 


3. Monitor impacts 3. Hydrological 


3. Limited 




population 
size/structure, 
community 
structure and 
function, and 
species interactions 


species and 
habitats 


information. 


monitoring data: 
stock assessment 
data, habitat 
status. 




4. Abundances, 
distribution 
patterns, and 
ranges 


4. Life history table 


4. Determine changes 4. Biological 
in ecological parameters 

character 


4. Limited 
information 
relevant to 
resource 
management 




5. Genetic 


5. Water quality 


5. Impact reduction 5. Biotic indices. 


5. Water quality 




information. 


data 


options 


data 




6. Important species: 


6. Hydrological 


6. Biotic indices 


6. Hydrological 




threatened, 
endangered, 
endemics, 
migratory, invasive 
alien species, other 
significance: 
cultural, scientific, 
economic, 
nutritional, social 

7. Diversity indices 

8. Water quality data 

9. Hydrological 
information 


information 


7. Habitat indices 

8. Water quality data 

9. Hydrological 
information 

10. Early warning 
indicators 


information. 



Source: From Secretariat of the Convention on Biological Diversity (2006). 
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have generally suffered fhe greafesf proportional loss 
(Gosselink and Baumann, 1980), a reflection of fhe 
pressure of developmenf in fhese areas. This is fhe 
case for mosf coasfal areas globally. Weflands have 
been drained, filled, and "reclaimed" in all parfs of 
fhe world. In almosf all coasfal cities, large areas of 
weflands have been desfroyed for developmenf of 
one kind or anofher. In many areas, fhe so-called 
"finger fill" developmenfs have been consfrucfed fo 
allow boaf access for homes and businesses. 

Delfaic weflands have been particularly impacfed 
because delfas have largesf areas of coasfal weflands, 
and delfas are used infensely for agriculfural, 
indusfrial, urban, and navigation developmenfs 
(S 5 Tvifski ef al., 2009; Vorosmarfy ef al., 2009). The 
lisf of impacfed delfas is long and includes fhe 
Rhine, Rhone, Ebro, Po, Nile, Mississippi, Colorado, 
San Joaquin-Sacramenfo, Tigris-Euphrafes, Indus, 
Ganges, Mekong, and Yangfze. Only a few fropical 
(e.g., fhe Orinoco) and arcfic (e.g., MacKinzie and 
Lena) delfas have remained relatively unaffecfed. 

The Mississippi and Ebro Delfas serve as 
examples where human activities have resulfed in 
dramafic regional changes in coasfal sysfems. In 
the Ebro, the changes have proceeded deliberately 
for the most part to provide land for agriculfure 
and wafer supply to other parts of Spain. In fhe 
Mississippi Delfa, many of fhe changes have followed 
as a resulf of fhe indirecf and cumulative impacts of 
human activities. In both cases, large areas of coasfal 
ecosysfems have been alfered and desfroyed. 

The Ebro River basin (85,530 km^) is located in 
Spain in the northeastern Iberian Peninsula and dis- 
charges to the western Mediterranean. Close to 190 
dams, constructed mainly in the twentieth century, 
store approximately 60% of fhe armual runoff (abouf 
11,859 hm^/year). The wafer is used for hydroelec- 
fricify, buf fhe main consumptive use is irrigation 
(6300 hm^/year). Some 100 km upsfream of fhe river 
moufh, fwo large dams (Mequinensa and Riba-roja) 
were consfrucfed in fhe 1960s for hydropower. Af 
60 km upsfream from fhe moufh, fwo channels were 
builf in fhe lafe ninefeenfh cenfury (fofal capacify of 
50 m^/s) for crop irrigafion in fhe lower floodplain 
and delfa. 

The Ebro Delfa (330 km^) confains rice fields 
(210 km^) and weflands (80 km^) and is rich in 
waferfowl and fisheries. The rice fields are in 
reclaimed weflands. These habifafs supporf impor- 
fanf economic acfivifies associafed wifh tourism, 
hunting, fishing, and aquaculfure. An extensive 
irrigafion sysfem delivers Ebro wafer fo fhe rice 
fields, and fherefore fhe wefland area has sfeadily 
decreased in fhe fwenfiefh cenfury due fo conversion 



to agriculture and other uses. The creation of fhe 
Nafural Park of fhe Ebro delfa in 1983 profecfed 
much of fhe remaining weflands, which occur in 
small areas near fhe beach and coasfal lagoons. 

Pasf and presenf managemenf of fhe wafershed 
have alfered wafer, sedimenf, and nufrienf fluxes of 
fhe lower Ebro River and ifs delfa. Consfrucfion of 
fhe large dams reduced sedimenf fransporf fo fhe 
tower Ebro River and delfa by up fo 99% (Ibanez 
ef al., 1996). Nearly half of fhe delfa will be below 
sea level by 2100 due fo subsidence, sea level rise, 
and sedimenf sfarvafion. In addition, fhe shoreline 
is refreafing several meters per year near fhe river 
moufh (Ibanez, 2009). 

Rising sea level will flood Mediterranean coasfal 
weflands gradually, unless enough sedimenf supply 
exisfs fo offsef fhe rise (Day ef al., 1995; Ibanez ef al., 
1997b, 2010; Ponf ef al., 2002; Day ef al., 2011). Thus, 
some weflands of fhe Ebro delfa may disappear and 
rice fields are af risk due fo increasing flooding and 
salf intrusion (Eig. 6.12). Elowever, for delfas with 
high sediment loading, wetlands can survive sea level 
rise (Day et al., 1997). This stresses the importance of 
maintaining and restoring the sediment fluxes from 
fhe Ebro River fo fhe sea fhat have been sfrongly 
reduced due fo dam consfrucfion (Rovira and Ibanez, 
2007). 

Proposed solutions to mitigate the impacts of cli- 
mate change and relative sea level rise in fhe Ebro 
delfa range from hard engineering mefhods (e.g., lev- 
ees, dikes, and jetties) fo soft engineering defenses 
(e.g., arfificial dunes and drainage sysfems) and eco- 
logical engineering approaches (e.g., resforation of 
fluvial sediment fluxes, confrolled diversions, and 
wefland restoration). These lasf approaches are fhe 
mosf susfainable in fhe long run, since fhe resforation 
of sedimenf delivery fo fhe delfa is fhe only solution 
to maintaining land elevation and wetland ecosystem 
integrity (Ibanez, 2009; Sanchez-Arcilla et al., 2008). 
Preliminary studies (Rovira and Ibanez, 2007) show 
that b 5 rpassing of sedimenfs in fhe reservoirs of fhe 
tower Ebro river is feasible and represenfs a signif- 
icanf amounf of sedimenfs fo offsef fhe relafive sea 
level rise in fhe delfa plain and coasfal refreaf af fhe 
river moufh. 

In fhe Mississippi Delfa, dramafic changes have 
faken place, nof because of deliberafe plarming, buf 
because of fhe lack of if. Goasfal wefland loss rafes 
as high as 100 km^/year occurred wifh a fofal loss 
of abouf 4500 km^ or abouf 25% of fhe weflands 
fhaf existed af fhe beginning of fhe fwenfiefh cenfury 
(Eig. 6.13, Day ef al., 2007). This was fhe resulf of a 
disasfrous interaction of human acfions and nafural 
processes. The Mississippi Delfa, like all delfas, was 
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FIGURE 6.12 Overview of the combined impacts of climate change, sediment deficit, and decreased runoff, presently existing 
in the Ebro Delta (Catalonia, Spain). Source: From Ibanez (2009). 



formed by the successive building of a number of 
major delta lobes as the river changed course every 
500-1000 years (Roberts, 1997). The entire deltaic 
region is subsiding at a rate of about 1 cm /year 
because of such processes as compaction, consoli- 
dation, and dewatering of sediments deposited by 
the river. The sinking due to subsidence and rising 
sea level causes a high rate of relative sea level rise. 
In order to survive, wetlands must grow upward 
at the same rate as the water level rise. If not, they 
will be stressed by excessive flooding and other 
stresses and will ultimately die, as described earlier 
in this chapter. Historically, seasonal flooding by 
the Mississippi River into coastal marshes without 
extensive alterations of hydrology allowed coastal 
marshes to survive. 

A number of human impacts have altered the nat- 
ural cycle in the delta. One of the most important is 
that the river has been diked essentially to its mouth. 
Thus riverine input has ceased for most of the coastal 
zone. The wetlands themselves have also been altered 
dramatically. Large areas have been impounded (Day 
et al., 1990) and earlier impoundments were reclaimed 
for agriculture, but these projects mostly failed owing 
to subsidence due to organic soil oxidation. Most can 
be identified today as large rectangular water bodies 



in the coastal marshes. A very damaging impact in the 
wetlands has been the construction of over 15,000 km 
of canals for drainage and navigation, mainly for 
petroleum exploration and production. These canals 
destroy wetlands directly, but cumulatively they have 
led to changes in the regional hydrology and salt 
water intrusion (Shaffer et al., 2009). Finally, the spoil 
banks that border these canals are barriers to overland 
sheet flow of water and they alter wetland hydrology 
(Swenson and Turner, 1987). Thus, the spoil banks 
impede water exchange, sediment deposition, and 
movement of nekton. Since sediments resuspended 
by winds are important for marsh surface accretion, 
canals with associated spoil banks are important fac- 
tors contributing to land loss. It is clear that, unless 
action is taken to reintroduce riverine sediments and 
restore hydrology, most of the wetlands of the Missis- 
sippi Delta will disappear within this century (Reyes 
et al., 2000; Day et al., 2007). Indeed, Blum and Roberts 
(2009) recently concluded that the combination of sea 
level rise and sediment starvation would result in the 
almost complete loss of coastal wetlands in the Missis- 
sippi delta by 2100. We address issues of restoration 
and management of the Mississippi delta further in 
Chapter 19 and the impacts of climate change on the 
delta in Chapter 20. 
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Human activities have resulted in large coastal 
areas going below sea level. The sinking of coastal 
wetlands can be due to oxidation of organic soils affer 
drainage or the extraction of belowground liquids 
or natural gas. Drainage of highly organic wefland 
soils in the metropolitan New Orleans area created 
parts of fhe city that are 4-5 m below sea level and 
60-80% of fhe populafion living below sea level. 
Extraction of oil and gas in fhe Mississippi delfa in 
some cases has doubled fhe rafe of wefland subsi- 
dence (Morfon ef al., 2002; Ko and Day, 2004). Ofher 
areas have been similarly affecfed. For insfance, mosf 
of fhe Sacramenfo-San Joaquin is below sea level due 
fo oxidation of drained organic soils, whereas in fhe 
Po delfa (Ifaly), exfracfion of shallow deposifs of naf- 
ural gas has caused parfs of fhe delfa fo subside 3-4 m 
below sea level (Sesfini, 1992). 

6.8.1 Upstream Alterations 

Upsfream changes in rivers can have pronounced 
effecfs on coasfal wef lands (Sklar and Browder, 1998). 
Two of fhe mosf imporfant impacfs are reduced fresh- 
water discharge and reduced mineral sediment input. 
Construction of dams has resulfed in fhe diversion of 
freshwater upstream for irrigation and for indusfrial 
and residential use. On the other hand, channeliza- 
tion of sfreams causes more rapid pulses of wafer fo 
coasfal sysfems. Consfrucfion of impoundmenfs on 
the Mississippi River system has resulted in about a 
50% decrease in suspended load (Meade and Parker, 
1984; Blum and Roberts, 2009). Freshwater diversions 
from the Colorado River in the western United States 
are causing h 5 rpersaline conditions and deterioration 
of fhe delfa of fhe river af fhe norfhern exfenf of fhe 
Gulf of California. Because mosf of fhe wafer use 
occurs in the United States but the coastal problems 
are felt in Mexico, this issue has been an important 
point of confenfion and discussion between fhe two 
countries. Salinization is particularly a problem in 
arid and semiarid areas where freshwater input has 
been reduced. For example, large freshwater with- 
drawals from the Indus River have led to h 5 rpersaline 
soils and loss of tens of thousand of hectares of 
wetlands in the Indus delta (Snedaker, 1984). As indi- 
cated above, freshwater and suspended sediments 
have been reduced by more than 90% in the Ebro, 
resulting in parts of the delta sinking below sea level 
(Ibanez et al., 1996, 1997b). 

The construction of the Aswan High Dam is an 
excellent case study of the impact of dam construc- 
tion on a coastal wetland ecosystem (Stanley, 1996). 
Because of the loss of sediments, the shoreline of the 
Nile delta is now undergoing retreat. Stanley (1988) 



reported that the eastern part of the delta was under- 
going subsidence of about 0.5 cm/year. This rapid 
subsidence combined with reduction of sediment and 
freshwater input due to the Aswan Dam and rising 
sea level is likely to lead to flooding and salinization 
of a large part of the delta plain by the end of next 
century (Milliman et al., 1989). Because the Nile delta 
is the site of most food production in Egypt, this will 
have a strong societal impact in this century. 
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CHAPTER! 



SEVEN 



MANGROVE WETLANDS 

Robert R. Twilley and John W. Day Jr. 



7.1 BIOGEOGRAPHY AND 
ADAPTATIONS 



Mangroves refer to a unique group of wetlands that are 
dominated mainly by trees that colonize the intertidal 
zone of tropical and subtropical coastal landscapes 
(Fig. 7.1), generally between 25 ° N and 25 ° S latitude 
(Lugo and Snedaker, 1974; Tomlinson, 1986; Duke 
et al., 1998). Early definitions of mangroves included 
the plant community dominated by trees in tropical 
coastal zones below the high tide mark, and the term 
tidal forest is a common s 5 monym for mangrove forest. 
Other species occurring in mangrove swamps include 
vegetation such as shrubs, palm, and ground fern that 
occur in only part of the intertidal zone and adapted 
to salty water (Duke et al., 1998). True mangrove 
trees can be defined based on five unique charac- 
teristics: (i) complete fidelity to the intertidal zone 
(do not occur in terrestrial environments); (ii) taxo- 
nomic isolation from terrestrial relatives, at least to 
the generic level; (hi) community composition that 
commonly forms pure stands; (iv) morphological 
specialization representing adaptation to intertidal 
environment including aerial roots, and vivipary of 
embryo; and (v) physiological adaptations including 
salt exclusion, salt secretion, and salt accumulation 
(Tomlinson, 1986). Trees with these characteristics 
are called true mangroves. 

The term mangrove may best define a specific type 
of tree, whereas mangrove wetland refers to the whole 
plant associations with other community assemblages 



in the intertidal zone (Duke et al., 1998), similar to the 
term mangal introduced by Macnae (1968) to refer to 
tropical, coastal swamp ecosystems. These are impor- 
tant distinctions since the biodiversity of mangroves 
may be considered species poor in some regions if 
only the tree species richness is considered, but the 
biodiversity of mangrove wetlands, including all the 
flora and fauna, may equal that of the other tropical 
ecosystems (Riietzler and Feller, 1996; Twilley et al., 
1996). In addition, the habitats of tropical estuaries 
are diverse, consisting of a variety of primary pro- 
ducers and secondary consumers distributed in bays 
and lagoons in which the intertidal zone is domi- 
nated by mangrove wetlands. These may be referred 
to as mangrove-dominated estuaries. Thus there is a 
hierarchical use of the term mangrove that can be 
used to describe individual trees, to tropical, coastal 
forested wetland ecosystems, and even tropical estu- 
arine landscapes. In this chapter, the focus is on 
the ecological characteristics of mangrove wetlands 
by describing individual, community, and ecosystem 
features of landscapes dominated by these unique 
wetland plants. 

7.1.1 Global Patterns 

Mangroves are a group of halophytes with species 
from 28 genera in 20 different families and two plant 
divisions with approximately 52 species recognized 
throughout the world (Duke et al., 1998; Table 7.1 and 
Fig. 7.2). There are 17 species that have been described 
as exclusively mangroves (true mangroves described 
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Life form (Form): T = tree; S = shrub; P = palm; F = ground fen. Global regions: 1 = W. America; 2 = E. America; 3 = W. Africa; 4 = E. Africa; 5 = Indo-Malesia; 6 = Australasia; + 
= introduced. Canopy position (Can): C = canopy; U = under canopy. Above-ground roots (AGR): R = prop roots; P = pneumatophores; B = buittresses; K = knee roots, (lower case 
= diminutive form). Upriver location: D = downstream; I = intermediate; U = upstream. Tidal (above Mean Sea Level) position: L = low intertidal; M = medium intertidal; FI = high 
intertidal. 
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FIGURE 7.1 (a) Fringe mangrove along Shark River slough dominated by Rhizophora mangle, (b) Interior mangrove forest in 

Puerto Rico dominated by Avicennia germinans. (c) Fringe mangrove in carbonate islands off coast of Belize dominated by R. 
mangle with sea grasses in the subtidal zone, (d) Riverine mangrove forest along Guayas River estuary in Ecuador dominated 
by Rhizophora harrisonii. 



above). A total of 36 species have been described from 
the Indo-West Pacific area, buf fewer fhan 10 species 
are found in fhe new world (Macnae, 1968) reflecf- 
ing the old world origin of mangroves (Fig. 7.2). In 
addifion, fhere is a sfrong effecf of lafifude on species 
richness in fhe easfern hemisphere wifh maximum 
richness along the Equator (40 species) and reduction 
by half af 20 ° norfh and soufh lafifude (Ellison ef al., 
1999). The Gulf of Mexico and Caribbean have even 
lower species richness wifh only four mangroves 
commonly found in fhe region including red man- 
grove {Rhizophora mangle), black mangrove {Avicennia 
germinans), while mangrove {Laguncularia racemosa), 
and buttonwood {Conocarpus erectus). Rhizophora (Rhi- 
zophoraceae) and Avicennia (Avicermiaceae) have 



eighf species each, represenfing fhe mosf diverse 
genera of mangrove frees, and each has abouf five 
species in fhe old world compared fo fhree in fhe 
new world fropics (Table 7.1). There are fhree ofher 
genera in fhe Rhizophoraceae family, all of which are 
locafed only in fhe old world fropics {Bruguiera has 
six species, all in fhe old world fropics). The ofher 
dominanf confribufion of species fo old world fropics 
is Sonneratia (Sormerafiaceae), which has five species. 
In addifion, mosf of fhe minor componenfs fhaf are 
relatively rare of mangroves are locafed in fhe old 
world fropics (nearly 19 species), wifh only one, Pel- 
liciera, locafed in fhe new world fropics (Tomlinson, 
1986; Duke ef al., 1998; Ellison ef al., 1999). 
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FIGURE 7.2 Global distribution of mangroves based on Duke et al. (1998) in upper panel and Ellison et al. (1999) in lower 
panel. 



There are clear patterns in tree richness of man- 
grove wetlands between the eastern and western 
hemispheres, but the total mangrove wetland area in 
the coastal zone of these two regions is very similar 
(Fig. 7.2; Ellison et al., 1999). There is an estimated 
170,000 km^ of mangrove wetlands worldwide, with 
about 75% of that total found between 0° and 10° 
north and south latitude of the Equator. Thus, both 
species richness and mangrove distribution are high 
near the Equator. About 77,169 km^ located in Asia, 
which along with Australia to the south (10,287 km^), 
makes up over half of the global mangrove area. 
The most extensive region of mangrove wetlands 
in the new world tropics is located along the coast 
of Brazil, followed by Mexico and Venezuela. The 
most extensive areas of mangrove wetlands are in 
coastal environments with muddy coasts and reduced 



disturbance from cyclones or strong winds that can 
limit the development of old growth forests. 

The distribution and abundance of mangrove 
wetlands is also most extensive along shores where 
the average air temperature of the coldest month is 
higher than 20 °C and where the seasonal range does 
not exceed 10 °C (Walsh, 1974; Chapman, 1976). The 
global distribution of mangroves (Eig. 7.2), particu- 
larly in the northern and southern limits, appears to 
correlate reasonably well with the 16 °C isotherm for 
the air temperature of the coldest month (Chapman, 
1976). Northernmost populations occur at 32° N lati- 
tude (Bermuda and Japan), and southernmost popu- 
lations occur at 37-38 ° S latitude (Australia and New 
Zealand; Krauss et al., 2008). The frequency, duration, 
and/or severity of freezing temperature are the prime 
factors governing the distribution and abundance of 
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mangroves in the upper subtropical zones (Lugo and 
Patterson-Zucca, 1977; Sherrod et al., 1986; Kao et al., 
2004; Stevens et al., 2006; Stuart et al., 2007). 

The greater resprouting ability of Avicennia 
(black mangrove. Fig. 7.1b) and Laguncularia (white 
mangrove) mangroves results in greater recovery 
from freeze damage (Lugo and Pafferson-Zucca, 
1977). Black and while mangroves have exfensive 
secondary merisfemafic fissues and can quickly 
recover by developing sproufs following defoliation 
of fhe canopy (Snedaker ef al., 1992). Impacfs on 
fhe physiological effecfs of chilling and freezing 
femperafures on planfs include fhe following in 
the order of mosf severe effecfs: (i) increase fhe 
rigidity of biomembranes and increase fhe energy 
required for acfivafing biochemical reactions; (ii) 
cause chilling injury (as a consequence of lesions in 
biomembranes and inferrupfion of energy supply 
fo cells); and (hi) freeze plan! fissues, leading fo 
vascular embolism, dehydration, or cellular rupture. 
The lower threshold temperature range for fropical 
frees including mangroves (leaf fissue) is +5 fo —8 °C 
(Larcher, 2001; Krauss ef al., 2008). 

7.1.2 Vivipary 

Vivipary is fhe condifion whereby fhe embryo (fhe 
young planf wifhin fhe seed) grows firsf fo break 
fhrough the seed coat and then out of fhe fruif wall 
while still attached fo fhe parenf planf (Fig. 7.3). This 
condifion is common among mangrove frees and can 
be found in the species of fhe genera Bruguiera, Ceri- 
ops, Kandelia, and Rhizophora. Cryptovivipary (Greek 
krypfos, hidden) refers fo fhe condifion whereby 
fhe embryo grows fo break fhrough fhe seed coaf 
buf nof fhe fruif wall before if spiffs open. This 
condifion is exhibifed in Aegiceras, Avicennia, and 
Nypa species. Vivipary, including crypfo vivipary, is 
a rare phenomenon among higher planfs, occurring 
mosfly among planfs of fropical shallow marine habi- 
fafs, such as sea grasses (20 genera in 13 families) 
and mangroves (7 families). The sforage material 
of large propagules provides nufrifion during the 
early stages of developmenf. Accumulafion of sfarch 
within the h 5 rpocotyls mean that rooting, erection 
of fhe propagule in fhe verfical position, and respi- 
ration and growfh can fake place initially wifhouf 
being limifed by nufrifion from phofos 5 mfhesis. Early 
growth in mangrove seedlings is linked to maternal 
reserves (Ellison and Earnsworth, 1993; Ball, 2002) and 
their strategies to capture and utilize soil resources 
and light (McKee, 1995a, 1995b). Therefore, seedling 
responses fo environmenfal and biofic factors defer- 
mine fhe success of ifs conversion fo fhe adulf phase 
(Bazzaz, 1990). The fransporf of propagules wifh tides 




FIGURE 7.3 (a) Seedling development showing viviparity 

of Rhizophora mangle and (b) cryptoparity of Avicennia ger- 
minans (Panel A is from Tomlinson 1986 and Panel B is from 
Chapman 1976) 



has been cited as a critical dispersal mechanism that 
favors living in coasfal inferfidal zones. 

7.1.3 Hydroperiod and Waterlogged Soils 

Flydroperiod is associafed wifh fhe frequency and 
duration of flooding, which can be described in spe- 
cific inundafion classes of mangroves and impound- 
menfs (Wafson, 1928; Chapman, 1944; McKee and 
Mendelssohn, 1987). These inundation classes explain 
that hydroperiod establishes patterns of zonation thaf 
confrol seedling esfablishmenf and growfh in man- 
groves. In Malaysia, five inundafion classes described 
fhe disfribufion patterns of 17 mangrove species. 




Biogeography and Adaptations | 171 



ranging from inundation by all high tides to inun- 
dation by only spring tides. Nearly 50% of Malaysian 
mangroves were included in a lower inundation class, 
defined as two or fewer inundations per month asso- 
ciated with exceptional or equinoctial tide. Chapman 
(1976), who applied Watson's categories to south 
Florida mangroves, indicated that R. mangle, A. ger- 
minans, L. racemosa, and C. erectus transgress the 
inundation continuum from the wettest to driest. All 
three species are present in sites flooded from 30% to 
50% of a year. Actual inundation durations between 
50% and 75% often result in populations of R. man- 
gle, while L. racemosa and A. germinans are generally 
restricted to durations less than 50% (Krauss et al., 
2006). 

Muddy intertidal environments also require the 
plants to adapt to waterlogged soils that are not only 
anaerobic but may also contain elevated levels of 
sulfide and other reduced minerals. Mangroves are 
known for adventitious roots that provide morpho- 
logical adaptations to lack of oxygen in muddy soils 
(Fig. 7.5b). Most mangrove species have a shallow 
cable root system, within 2-m depth, that spreads 
away from the tree trunk. Attached to this hori- 
zontal root system are vertically descending anchor 
roots, which have attached, fine nutritive roots. There 
are five t5rpes of aboveground root adaptations (Fig. 
7.5b): (i) pneumatophores are the conical projec- 
tions extending vertically upward from the cable root 
system, extending above the ground at a height pro- 
portional to average flooding depths; (ii) knee roots 
grow aboveground and then back down into sedi- 
ment; (iii) stilt or prop roots branch from the main 
tree trunk, extending downward to soil surface form- 
ing fine roots in the soil; (iv) buttress roots are the 
bladelike structures, as modifications of lower tree 
trunk; and (v) aerial roots are the stilt roots from tree 
trunks and branches that extend downward but do 
not attach to the soil (Saenger, 2002). 

Nearly, all of these roots have specialized cells, 
called lenticels, which allow the passage of oxy- 
gen to internal tissue and fine roots in otherwise 
anaerobic environments. Physiological adaptations of 
roots include ethylene accumulation, which promotes 
adventitious root production, and tarmins that might 
reduce phytotoxic effects of reduced iron and sulfides 
in the soil solution as well as sequestration of dis- 
solved organic nitrogen (Delaune and Reddy, 2008). 
In addition, metabolic adaptations allow mangroves 
to avoid accumulation of ethanol under anaerobic 
conditions; rather malic acid is the end product of 
anaerobic respiration, which is less toxic and involved 
in ionic balance and salt uptake. These mechanisms 
allow mangrove roots to survive both external (soil) 



and internal (root) toxic conditions of living in anaer- 
obic soils. 

The level of stressed conditions in mangrove soil 
is linked to the duration of flooding and thus the 
degree of anaerobic environment. A primary deter- 
minant of the biochemical processes in mangrove soils 
is the relative distribution of oxidation and reduction 
zones that are dependent on the presence of dissolved 
oxygen. The upper oxidation zone in mangrove soils 
is controlled by the limit that atmospheric oxygen is 
diffused to pores of dry (0.205 cm^/s in air) versus 
wet (0.227 X 10^® cm^/s in water) soils. In addition, 
the normally high concentration of organic matter 
in mangrove soils, due to both litter and root pro- 
ductivity, establishes high sediment oxygen demand. 
Several mechanisms can enhance oxygen supply by 
increasing diffusion into otherwise oxygen-deficient 
soils (Clark et al., 1998) including (i) sediment texture, 
which dictates porosity, and permeability that con- 
trols diffusive flux (Flutchings and Saenger, 1987); 
(ii) position of the water table, which may vary 
seasonally with hydroperiod (balance of tides and 
rain events; Twilley and Chen, 1998); and (iii) influ- 
ence of biota (directly and indirectly) on water and 
oxygen exchange with sediments (Thongtham and 
Kristensen, 2003; Kristensen, 2008). 

When the dissolved oxygen necessary to supply 
aerobic respiration is absent, there are a series of alter- 
nate electron acceptors used by anaerobic microbes 
in the soil to terminate electron flow during respi- 
ration (respiration is the oxidation of organic matter 
and reduction of electron acceptors). When oxygen 
is present, it is reduced to water as electrons are 
exchanged with organic matter forming energy. The 
collection of electrons by reactants in the absence 
of oxygen results in the following transformations 
under reduced conditions: manganese (Mn^+) and 
iron (Fe^+) are reduced to Mn^+ and Fe^+, respec- 
tively, NOJ is reduced to N2 or N2O, is reduced 
to sulfide (S^^), and CO2 is reduced to methane (CFI4). 
Since sulfate is normally the most abundant electron 
acceptor in the absence of oxygen in most man- 
grove soils (because of the presence of seawater), 
the "reduction zones" are characterized by the pres- 
ence of decomposing organic matter and substantial 
populations of sulfate-reducing bacteria that pro- 
duce sulfides. Landscape gradients in hydroperiod 
establish the depth that oxygen diffuses into sur- 
face sediments, particularly in seasonally dry forests. 
Below the surface of the water table, the soil zone 
is reduced leading to an oxidized zone above the 
reduced zone in these dry conditions. During the wet 
season, water fills these pore spaces, forming strong 
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FIGURE 7.4 Factorial interactions controlling the productivity of coastal wetlands including regulators gradients, resource 
gradients, and hydroperiod. Source: From Twilley and Rivera-Monroy (2005). 



seasonal shifts between wet and dry seasons from oxi- 
dized to reduced zones as the lower reduction zone 
migrates to the soil surface. The relative distribution 
of reduction zones produces by-products of anoxic 
respiration including HS^ and H+ ions that both reg- 
ulate plant growth. Even under completely reduced 
condition within soil columns, there are microsites 
of oxidized zones formed by the release of oxygen 
from roots. These oxygen microsites around finer 
roots can limit the toxic effects of substances formed 
by anaerobic by-products. This is an adaptation of 
mangroves to surviving in anaerobic waterlogged 
conditions (Twilley and Rivera-Monroy 2009). 

7.1.4 Resources and Regulators 

Mangrove distribution in the intertidal zone is deter- 
mined by a variety of stress conditions (Fig. 7.4) that 
can be grouped into three categories: resources, regu- 
lators, and hydroperiod (Twilley and Rivera-Monroy, 
2005). Resources include attributes of the environ- 
ments such as light, water, nutrients, and space that 
meet two requirements: they are (i) essential to tree 
growth and (ii) consumed by trees during growth 



thus reducing the availability of this resource to be 
used by neighbors (Huston, 1994). This latter condi- 
tion establishes competition for resources and thus 
more complex ecological interactions in the inter- 
tidal zone. Regulators also influence plant growth, 
such as salinity, sulfide, pH, and temperature, but are 
not consumed during the growth process and thus 
there is no change in regulator condition because of 
plant response (Tilman, 1982). The third category, 
hydroperiod, is the frequency, duration, and depth 
of water inundation (tide and precipitation) that can 
control wetland growth (Gosselink and Turner, 1978). 
It could be argued that hydroperiod is a regulator, an 
attribute that controls growth but is not consumed, 
but this is specifically included as a unique cate- 
gory since it can dominate the concentration and 
availability of resources and regulators in wetland 
environments. As described above, the distinction in 
resources and regulators is that while both influence 
plant growth, the consumption of resources during 
plant growth can establish competition among plants 
(within and among species) as the resource concen- 
tration decreases with increased growth (assuming 
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FIGURE 7.5 Adaptations of mangroves to intertidal environment, (a) Salt excretion rates for mangrove species (Tomlinson, 
1986). (b) Adaptations of root structures to anaerobic environments (Saenger, 2002). 



no new supply). Mangrove wetlands inhabit stressed 
tropical coastal environments (Lugo, 1980), where 
each tree species has adaptations to specific tolerances 
within the intertidal zone in response to conditions of 
resources, regulators, and hydroperiod (Fig. 7.4). 

One of fhe mosf critical regulafors confrolling 
propagule esfablishmenf, seedling survival, and plan! 
growth is salinity (Scholander et al., 1962; Chapman, 
1976; Tomlinson, 1986; Ball, 1988a, 1988b; Chen and 
Twilley, 1998; Krauss et al., 2008). Living in the marine 
environment requires special adaptation to water bal- 
ance imposed by the presence of salf fhaf resulfs in 
many adaptations similar to plants that live in xero- 
morphic (dry) conditions. Trees particularly require 
more specialized capacity to translocate water from 
fhe soil to fhe canopy at tens of meters above fhe 
soil surface. To move wafer up a free to a leaf in 
fhe canopy, fhe wafer pofenfial in fhe planf musf be 
more negafive fhan fhe saline wafer around planf 
roofs. For a free in freshwafer, wafer pofential is zero 
and wafer pofentials in leaves are around —30 atm 
(range from —26.6 fo —56.3 afm). Flowever, in nor- 
mal saline wafer, osmofic pofenfial may be —30 afm, 
so fhaf fhe wafer pofential in the canopy of a man- 
grove musf be more negafive fo fransporf wafer to 
the leaf surface. There are several mechanisms fhaf 



are common among halophytes (Chapter 6) such as 
salt exclusion, salt secretion, salt storage, succulence, 
ion compartmentalization, and osmo-compensation. 
There are also special metabolic adaptations that pro- 
mote nitrogen metabolism, protein S 5 mthesis, purine 
nucleotide synthesis, carboxylation enzyme inhibi- 
tion, and reduced stomatal conductance. Mangroves 
have many of fhese morphological and physiologi- 
cal adapfafions fhaf are fhoughf fo conserve wafer af 
bofh fhe leaf level (Ball, 1988a) and fhe individual free 
level (Krauss ef al., 2008). 

Saif glands are a special adapfafion of mangroves 
fhaf allow for secrefion of salf from mangrove leaves 
(Fig. 7.5a). This adapfafion varies among mangrove 
species and is higher in Avicennia and Aegiceras when 
compared fo Rhizophora, Sonneratia, and Bruguiera 
(Scholander ef al., 1962). This capacity in salt secretion 
occurs more frequently in plants that dominate com- 
munity composition of mangrove weflands in more 
interior zones that are more distant from shoreline 
where higher salf content occurs in soil waters. As 
discussed in Section 7.2.1, the more interior region of 
fhe inferfidal zone is where salf accumulates in soil 
requiring special adapfations fo hyqjersaline condi- 
tions. 
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H 5 rpersaline soils are also sites where mangroves 
have adaptations associated with the exchange of 
water and CO 2 through specialized openings on 
leaf surface, called stomata, fhaf confrol fhe deli- 
cafe balance of wafer loss by evapofranspirafion and 
carbon gain by phofos 5 mfhesis. Low sfomafal con- 
ducfance, which reduces exchange of gases fhrough 
fhese openings in the leaf, is also a characferisfic of 
salinity strategy as freshwater loss through stomata is 
balanced against limited CO 2 gain (Ball and Farquhar, 
1984). Species that are more tolerant to higher salinity 
are t 5 rpically more efficient in water use as described 
by the amount of carbon gain fhrough sfomafa com- 
pared fo fhe amounf of wafer losf (Ball, 1996). Given 
fhese consfrainfs on wafer loss and carbon gain in 
soils wifh saline conditions, opfimum phofos 5 mfhesis 
of mangroves has been documenfed af abouf 17% of 
full sfrengfh seawafer, or abouf 6 psu salinify. The 
salinity that represents the upper limit of phofos 5 m- 
fhesis varies among mangrove species resulting in 
one of fhe paramefers fhaf controls plant zonation 
along the intertidal zone (described below). Avicen- 
nia, Aegialitis, Excoecaria, and Laguncularia all have 
tolerance (based on field observations) above 85 psu 
(Tomlinson, 1986); however, Laguncularia is consid- 
ered less foleranf based on several updafed sfudies 
(Krauss ef al., 2008). 

Anofher regulator in the intertidal zone is hydro- 
gen sulfide (McKee ef al., 1988; McKee, 1993, 1995a). 
Greenhouse experimenfs show differential folerance 
of mangrove seedlings fo flooding (Cardona-Olarte 
ef al., 2006; Krauss ef al., 2006). Yef, field exper- 
imenfs also show fhaf adulf mangrove planfs can 
grow in soils with high concentration of sulfide 
such as 3.75 mmol/1 for A. germinans (Nickerson 
and Thibodeau, 1985), 1.63 mmol/1 for R. mangle and 
1.44 mmol/1 for A. germinans (Mckee ef al., 1988), 
and 3 mmol/1 for A. germinans and 1.7 mmol/1 for 
R. mangle (McKee, 1993). There are mechanisms fhat 
can reduce fhe harmful effecfs of hydrogen sulfide 
by binding fhe sulfide fo a mineral, fhus eliminating 
ifs toxic effecf. One key mechanism is fhe release of 
dissolved oxygen from roofs, and chemical binding 
of hydrogen sulfide wifh species of reduced iron, 
forming compounds fhaf are considered nonfoxic fo 
mangroves. There is evidence across many genera of 
mangroves fhaf differenf roof sysfems have capabilify 
of releasing oxygen and is fhus a sfrafegy fhaf permifs 
planfs fo survive waferlogged soils fhaf accumulate 
hydrogen sulfide. 

In the absence of significanf confrol of planf 
growth by regulators in the intertidal zone, resources 
can set the rate of nef primary producfivify. Lighf is 
a key resource fhaf defines planf growfh in mafure 



mangrove foresfs (McKee, 1995b; Chen and Twilley, 
1998). A greater leaf area, for example, may benefif 
seedlings in a mangrove undersfory fhaf are lim- 
ited by lighf; undersfory lighf can be attenuated fo 
1. 8-3.4% of ambienf levels (Sherman ef al., 2001). 
Under such conditions, enhanced leaf area index 
(area of leaves per unif area of land) would allow 
competitive growfh responses fo gaps of lighf in a 
foresf fhaf may form from small-scale disfurbances 
fhaf resulf in loss of free canopy such as lighfning, 
wind disfurbance, or ofher mechanisms causing free 
fall (lighf gaps) . The relative competition of mangrove 
species in areas of lighf fhaf are formed from fhese 
disfurbances in dense foresf provides insighf info fhe 
relative folerance fo shaded condifions (shade fol- 
erance). Three broad groups of mangroves related 
fo lighf adapfafion are (i) fhose which appear fo be 
somewhaf shade foleranf bofh as seedlings and as 
adulfs, (ii) fhose which appear fo be shade infoler- 
anf, and (iii) fhose which shift lighf folerance befween 
seedling and free sfage, such as intolerant as seedlings 
and tolerant as trees and vice versa (Saenger, 2002). 
There is no clear pattern among mangrove genera 
and some species have evidence of bofh sfrafegies 
in different environmental conditions (Krauss et al., 
2008). In general, although, the growth of mangroves 
safurafes at lower light levels than most other plants 
and is thus considered to be shade tolerant. However, 
in the neotropics, it is evident that Laguncularia is one 
of fhe more shade-infolerant species and has elevafed 
growfh capacity under high light conditions. 

Recruitment of mangrove saplings, which 
depends on seedling vigor under a mangrove 
canopy, dominafes community regeneration pro- 
cesses after a light gap is formed (Chen and Twilley, 
1998). Models and fheories of plant growth indicate 
that, in response to resource variation, plants par- 
tition photos 5 mthates to optimize resource capture 
and consequently maximize growth rate (Shipley 
and Meziane, 2002). Implicit in these ideas is the 
prediction that plants will adjust their allocation 
in above- and belowground mass to compensate 
for fhaf resource, which is in shorf supply (Tilman, 
1988; Bazzaz, 1990; Chapin ef al., 1990; Gleeson and 
Tilman, 1992). These planf sfrafegies in biomass 
allocafion are also found in mangroves, buf fhe effecfs 
of salinify complicafe fhe relafive compensation of 
resource acquisifion since salf upfake may regulafe 
fhese processes. For example, fhe increased cosf of 
carbon acquisifion per unif of wafer and nufrienf 
upfake in saline habifafs (Ball, 1988a,b) suggesfs fhaf 
mangroves exhibif an increased biomass allocafion 
fo shoofs in low-lighf condifions and fo roofs wifh 
increasing salinify (Ball, 1988b). Mosf mangroves 
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are considered shade tolerant as described above, 
possibly because of this strategy to survive in salt 
water. Recent reviews highlight the interactive effects 
of lighf adapfation to salinity levels and conclude 
that many interactions with salinity may mask any 
specific definition as shade tolerance (Krauss et al., 

2008) . Those mangrove species that demonstrate 
higher allocation to aboveground resources under 
high light conditions, such as Laguncularia, are less 
competitive under higher soil salinity, but thrive 
when soils have low salinity and high nutrients 
(Krauss et al., 2008). 

In the absence of regulators and lighf confrol- 
ling planf growfh, soil nufrienf availabilify is often 
implicated as fhe principal factor defermining vari- 
ation in mangrove growfh. Comparafive analysis of 
mangrove foresfs and soil characteristics, in addi- 
tion to ferfilizafion sfudies, revealed fhaf phosphorus 
(P) availabilify was one of fhe major facfors limif- 
ing armual growth of mangrove foresfs (Feller, 1995; 
Feller ef al., 1999, 2003; Twilley and Rivera-Monroy, 

2009) . A Monod model (Bridgham ef al., 1995), which 
has fhe form shown in Figure 7.4 for resource gra- 
dienfs, describes how basal area (area of free frunks 
per unif area of land) is sfrongly correlated with 
total soil P in new world mangroves at sites where 
soil salinity were all less than 50 psu (Twilley and 
Rivera-Monroy, 2009). The significant fit of soil P 
to a Monod model of free basal area demonsfrafes 
fhaf fhere is some upper limif of resource concen- 
frafion fhaf growfh no longer increases (similar fo 
concepf of subsfrafe safurafion in enzyme kinef- 
ics). The half-safurafion consfanf of soil P based on 
fhis Monod model was 0.12 mg/cm^, which indi- 
cafes fhaf concenfrafions around fhis value will limif 
planf growfh. This is consisfenf wifh sfudies of man- 
groves in carbonafe-dominafed environmenfs in fhe 
greafer Caribbean fhaf show significanf P-limifafion 
of mangrove producfivify under soil concenfrafions 
of abouf 0.06 mg /cm®. When these soil P concen- 
trations are elevated with fertilization, there is a 
significant response in prop root and stem elongation. 

7.1.5 Complex Soil Interactions 

Sulfate reduction forms hydrogen sulfide, which will 
read fo form pyrife, elemental sulfur, or iron mono- 
sulfides (Flolmer ef al., 1994). These biochemical 
pafhways fhaf dominafe formation of reduced zones 
can sfrongly influence phosphafe availabilify along 
inundation gradienfs (or seasonally inundated soils). 
Under oxidized conditions in fhe presence of iron, 
phosphorus becomes adsorbed onto iron oxyhydrox- 
ides resulfing in occluded forms of phosphorus and 



reducing fhe concenfrafion of soluble reactive phos- 
phorus in mangrove pore wafers (Flolmer ef al., 1994; 
Sherman ef al., 1998). Under anoxic condifions in fhe 
presence of sulfate and iron, sulfate reducfion resulfs 
in the formation of iron sulfides, mosfly pyrites, and 
phosphorus goes back info solution in pore wafers. 
This process of increasing phosphorus solubilify, and 
thus resource availability in mangrove pore waters, 
may vary along the intertidal zone, depending on 
the supply of oxygen, supply of sulfate, and fhe 
availabilify of iron. 

The spafial and seasonal inundation of man- 
grove soils esfablishes complex zones of oxidized and 
reduced sedimenfs fhaf confrol fhe disfribufion of 
regulators and resources. When oxygen is absenf and 
bofh sulfate and iron are presenf, fhe pyrife-forming 
pofenfial is high and fhus increases phosphorus sol- 
ubilify potential (Sherman ef al., 1998; Gleason ef al., 
2003). When pyrife is oxidized in fhe fransifion from 
reduced fo oxidized zones in mangrove soils, sulfate 
and acidity are by-products as in the formation of iron 
oxyhydroxides fhaf reduce fhe solubilify and migra- 
tion of phosphorus in fhe soil column (such as across 
fhe sedimenf- wafer inferface). Iron can play a pivofal 
role in how such limifafion in muddy environmenfs 
is expressed in mangrove growfh. In fhe presence 
of iron under anaerobic respiration, fhere are two 
imporfanf reactions fhaf affecf regulafor and resource 
gradienfs in mangrove soils: (i) iron reads with sulfide 
fo reduce hydrogen sulfide foxicify and phosphorus is 
released info solution of mangrove pore wafers; (ii) in 
fhe absence of iron, sulfafe reducfion forms hydrogen 
sulfide and phosphorus becomes bound fo calcium 
carbonate minerals that remain insoluble under these 
conditions. Iron can be a key nutrient that will deter- 
mine the level of regulafors fhaf confrol mangrove 
producfivify. This interacfion befween resource (iron) 
and regulafor (HS^) is a function of hydroperiod 
along the intertidal gradient. This complex interaction 
of bofh regulafors and resources confuses fhe specific 
nafure of whaf limifs planf growfh in many environ- 
menfs. If is mosf likely fhat several mechanisms along 
an intertidal gradienf and seasonally wifhin a zone 
can confribufe fo limited growfh condifions and fhus 
lead fo a sfressed environment. 



7.2 ECOSYSTEM STRUCTURE 
AND FUNCTION 

7.2.1 Ecogeomorphology 

The complex interaction of geophysical processes 
and ecological response fo resources, regulafors, and 
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FIGURE 7.6 Hierarchical classification system to describe patterns of mangrove sfmcture and function based on global, 
geomorphological (regional), and ecological (local) factors that control the concentration of nutrient resources and regulators 
in soil along gradients from fringe to more interior locations from shore. Source: Modified from Twilley et al. 1998 and Twilley 
and Rivera-Monroy (2005). 



hydroperiod are captured in an ecogeomorphic clas- 
sification of mangrove wetlands. This classification 
reflects a combination of spatial hierarchical levels 
that form patterns at different temporal scales that 
can explain global patterns across different coastal 
landforms (Fig. 7.6). The ecogeomorphic classifica- 
tion of mangrove wetlands describes the relative 
role of geophysical processes across different geo- 
morphological settings (carbonate to muddy coasts) 



and their interaction with ecological processes, which 
can account for much of the diversity in mangrove 
community structure and ecosystem function (Thom, 
1982, 1984; Woodroffe, 1992; Twilley, 1995; Twilley 
et al., 1996; Woodroffe, 2002). 

Climate and landform characteristics of a coastal 
region together with the relative influence of river, 
tides, and waves control the basic coastal settings 
of mangrove wetlands (Thom, 1984; Twilley, 1995; 
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FIGURE 7.7 The geomorphological classification of man- 
groves by Woodroffe (2002) and ecological classification of 
Lugo and Snedaker (1974). 



Woodroffe, 2002). At fhe global level, femperafure 
disfribufion consfrains fhe lafifudinal expanse of 
mangroves along coasfal landforms, and biogeo- 
graphic provinces define which mangrove species 
will colonize fhe landscape (described above). 
Oceanic processes (fide and waves) and river inpuf 
defermine geomorphic seffings by confrolling fhe 
relative amounfs of clasfic and biogenic sedimenfs 
(Woodroffe, 2002). River inpuf of sedimenfs is a func- 
tion of cafchmenf size, climafe, and lifhology. These 
factors along wifh geologic setting, topography, and 
hydrodynamic processes defermine sedimenfafion 
fhaf defines geomorphologic f 5 rpes. River-dominafed 
coasfs have fhe mosf exfensive mangroves such as 
delfas associated wifh large fropical rivers. Delias 
receive enormous sedimenf load from geologically 
young and fecfonically active headwafers and are 
exfremely dynamic. Tide-dominated coasfs wifh 
high fidal range (>3 m) can have exfensive low 
gradienf inferfidal zone available for mangrove 
colonization with gradienfs in hydroperiod and 
muddy to sandy condifions depending on local 
geology. Wave-dominated coasfs usually have 
mangroves colonizing sandy ridges parallel fo fhe 
shore fhaf often function as barrier islands enclosing 
a series of elongate lagoons. Mangrove colonization 
may be more dominanf along fhe back-barrier region 
of sedimenf infill and lower energy condifions. 
Along fhe carbonate shores of ocean islands, fhe 
topography of low versus high cafchmenfs inside 
the inferior of fhe island defines environmenfal 
seffings of mangroves. Low islands are dominafed 
by carbonate sedimenf, whereas high islands under 
high rainfall condifions (Pacific Islands, >4 m annual 
precipifafion) may have zones of alluvial sediment 
deposifion. These geomorphologic f 5 ^es are nof 
clearly delineated buf represent a continuum in 
fhe relative effecfs of climafe, river, waves, and 
tides on coasfal processes fhaf defermine mangrove 
disfribufion. 

These landform condifions esfablish fhe con- 
sfrainfs of finer grain processes (referred fo as ecologi- 
cal processes) fhaf explain fhe variefy of habifafs wifhin 
any one f)^e of geomorphological setting (Fig. 7.7). In 
each of fhe coasfal seffings confrolled by fides, waves, 
and rivers, local variations in fopography and hydrol- 
ogy resulf in fhe developmenf of disfincf ecological 
fypes of mangrove weflands such as riverine, fringe, 
and inferior foresfs (Fig. 7.7; Lugo and Snedaker, 
1974; Lugo, 1990; Woodroffe, 1992, 2002). Local-scale 
gradienfs in fidal and river processes form diverse 
mangrove fypes along fhe shoreline, and fhese pro- 
cesses change with increased disfance perpendicular 
from fhe shore fo more inferior locations fhaf can form 
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mangrove zones (Woodroffe, 2002). The lower inter- 
tidal zone consists of a streamside levee or berm that 
varies depending on the relative influence of river and 
fides. In river-dominafed environmenfs, fhe lower 
inferfidal zone is classified as riverine, wifh monospe- 
cific zones of mangrove weflands fhaf are more robusf 
in this lower intertidal zone (Lugo and Snedaker, 
1974; Lugo, 1990). With more tidal influence and less 
river inpuf of sedimenf, fhe lower inferfidal zone is 
similar fo fhe fringe mangrove zone fhaf may consisf 
of less muddy and sandier sedimenf. Inferfidal 
environmenfs dominafed by fides are referred fo as 
overwash mangroves of Lugo and Snedaker. All fhree 
of fhese ecological f 5 ^es may be considered fringe 
mangroves fhaf occupy river-dominafed (riverine) fo 
fidal-dominafed (overwash) environmenfs (Fig. 7.7). 
The geophysical energy fhaf impacfs fhe develop- 
menf of mangrove soils can have sfrong influence on 
edaphic conditions such as ferfilify, redox conditions, 
mefal concenfrafions, soil salinify, sandy versus 
muddy subsfrafe, and hydroperiod, as described 
above. 

The higher elevafions of fhe upper inferfidal zone 
are a different inundation class as defined above and 
can have differenf subsfrafe and foresf sfafure clas- 
sified as inferior foresfs (Fig. 7.7; Woodroffe, 2002). 
These interior forests include the basin, scrub, and 
hammock forests as per the classification by Lugo 
and Snedaker (1974). These interior forests are dis- 
tinct from fringe foresfs as a consequence of reduced 
flood inundation patterns from rivers and fides as 
disfance inland increases. Since river and tidal influ- 
ence decreases within interior forests, the balance of 
wafer (hydroperiod) is confrolled more by regional 
climafe fhan by fhe geophysical properties of fhe 
coasfal zone (Blasco, 1984). In drier climafes wifh lit- 
fle upland freshwafer inpuf, more inferior mangrove 
zones are less frequenfly inundafed by fides resulf- 
ing in more h 5 rpersaline soils wifh salinify ranging 
from 80 fo 140 psu (Casfaneda-Moya ef al., 2006). In 
such dry climafes, increased elevation resulfs in more 
monospecific mangrove foresfs dominafed by more 
salf-foleranf species, such as Avicennia. Saif sfress will 
increase wifh disfance from shore, and fhis disfance 
can be correlafed wifh shorfer free heighfs, forming 
scrub mangrove foresfs af fhe mosf inferior locafions 
(<3 m fall; Fig. 7.7). In perhumid coasfal settings 
where evaporafion pofenfial exceeds precipifafion, 
soil salinities of zones inferior of mangrove weflands 
are greafer fhan 120 psu leading fo formation of 
salf parmes or salinas fhaf prevenf colonizafion by 
all buf fhe mosf salf-adapfed planfs (buf no man- 
groves; e.g., Cinfron ef al., 1978; Casfaneda-Moya 
ef al., 2006). 



In moisf climafes, fhe inferior zone may or may 
nof be represenfed by mangrove vegefafion wifh 
reduced sfafure, depending on fhe resource limifa- 
fions in fhis zone wifh upland vegefafion. In moisf 
zones wifh significanf upland runoff, fhe inferior 
mangrove zone lack salinas and mangrove vege- 
fafion gradually mixes wifh freshwafer vegefafion, 
eifher marsh or foresfed weflands, forming a confinu- 
ous ecofone of vegefafion wifh upland environmenfs. 
There may be cases where scrub mangrove wef- 
lands occur in fhe upper interfidal zone of moisf 
landscapes, especially fhose on carbonafe formations, 
where resources (nutrients, particularly P) may limit 
plant growth rather than regulators (h 5 rpersalinity). 
In the case of fhe Everglades, low nufrienf resources 
are argued fo be fhe key limiting factor fo planf sfafure 
(Ewe ef al., 2006). Mangrove scrub communities on 
fhe inferior of carbonafe islands along fhe coasf of 
Belize have also been shown fo be limifed in sfafure 
by levels of phosphorus concentrations in soils (Eeller, 
1995). 

In perhumid tropical regions where precipita- 
tion deficits occur, limits to mangrove zonation and 
forest structure can be modified by fhe presence of 
freshwafer inpufs fo fhe coasf from upland wafer- 
sheds. Thus fhe amounf of moisfure in mangrove 
soils is a complex inferacfion of regional climafe and 
hydrology, including upland freshwafer inpuf. Even 
fhough mangrove weflands may be locafed in a dry 
climafic zone, fhey may have characferisfic zonation 
of mangrove weflands in humid coasfal environmen- 
fal settings because of fhe presence of freshwater 
inputs. Ereshwater subsidies from upland watersheds 
increase fhe moisfure of mangrove soils and influence 
fhe funcfional ecology of mangrove weflands. The 
environmental subsidy of upland runoff will be an 
imporfant consideration in fhe management of man- 
grove resources, as described in a later section of fhis 
chapter. 

7.3 ECOLOGICAL PROCESSES 

7.3.1 Zonation and Succession 

Zonation in mangrove communifies (Eig. 7.7) has 
variously been accounted for by a number of ecolog- 
ical factors including salinify tolerance of individual 
species (Snedaker, 1982), seedling dispersal patterns 
resulting from differenf sizes of mangrove propag- 
ules (Rabinowifz, 1978; Sousa ef al., 2003), differential 
consumption by grapsid crabs and ofher predators 
(Smifh, 1987; McKee, 1993; Sousa ef al., 2003), seedling 
and sapling esfablishmenf (Ellison and Earnsworfh, 
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1993; McKee, 1995a), and interspecific competition 
(Ball, 1980; Clarke, 2004). Disturbance regimes can 
also control structural attributes in mangrove forests 
especially simultaneous death of adult trees from 
lightning strikes (Smith et al., 1994). Among these 
factors, the establishment of seedlings and saplings is 
one of the most important processes in forest regener- 
ation (Grubb, 1977; Harper, 1977). The establishment 
of new mangrove individuals is controlled not only 
by ecological processes such as herbivory (Onuf et al., 
1977; Robertson et al., 1990) but also by the response 
of mangrove wetlands to physiological stress caused 
by resource shortages and regulator excess (Huston 
and Smith, 1987) in intertidal habitats that has been 
described in sections above (Ball, 1988a, 1996). And 
these processes will vary in fringe versus interior 
forests, as the combined effects of geophysical and 
ecological processes across diverse coastal landscapes 
form spatial and temporal patterns in forest structure 
along different inundation classes of the intertidal 
zone. 

Many of the descriptions of plant zonation 
are based on mangrove physiognomy in relatively 
species-poor environments of the Caribbean Sea 
on carbonate platforms. Yet even in biogeographic 
regions of higher species diversity and muddy 
coasts, there are clear patterns in mixed species 
associations and tree physiognomy that define 
mangrove zonation (Watson, 1928). In other areas 
of the old world tropics, mangrove ecologists have 
not been able to define specific zonation patterns 
(Ellison, 2002). Global patterns are very hard to 
discern that are consistent across biogeographic or 
geomorphic regions, depending on the response of 
mangrove trees to the edaphic, geophysical, and 
climate conditions that constrain ecological processes 
described above. It is this hierarchy of physical 
and ecological constraints that define zonation in 
mangrove-dominated estuaries. 

Succession in mangrove wetlands has often been 
equated with zonation (Davis, 1940), wherein "pio- 
neer species" would be found in the fringe zones, 
and zones of vegetation more landward would "reca- 
pitulate" the successional sequence toward terrestrial 
communities. Yet as described above, ideas of suc- 
cession based on species-poor regions of neotropics 
where zonation is more evident are not as clearly 
defined in more species-rich biogeographic regions 
where multiple patterns of forest distribution may 
occur. The establishment of stable monospecific zones 
was proposed wherein each species is best adapted 
to flourish because of the interaction of physiological 
tolerances of species with environmental conditions 
(Snedaker, 1982). Zones of mixed species composition 



have been thought of primarily as transition zones or 
ecotones between monospecific zones, and as such 
have been interpreted as being temporary responses 
to disturbance (Lugo and Snedaker, 1974; Lugo, 1980). 
However, analysis of long-term vegetation transects 
(Ellison, 2002) and geological surveys of intertidal 
zone (Thom, 1967) have shown that mixed asso- 
ciations of mangroves may be stable communities 
of stable coastal landscape. The zonation and struc- 
ture of mangrove wetlands are responsive to eustatic 
changes in sea level and that mangrove zones can 
be viewed as steady-state zones migrating toward or 
away from the sea, depending on rate of change in 
both sea levels and land surface. In areas of subsidence 
or unstable landforms, there may be different patterns 
of vegetation response to relative rise in water levels. 
In most coastal landscapes, both monospecific and 
mixed vegetation zones of mangrove wetlands repre- 
sent steady-state adjustments rather than successional 
stages (Lugo, 1980; Snedaker, 1982). 

The trajectory of vegetation d 5 mamics are con- 
strained by the geomorphological and climatic char- 
acteristics of coastal environments, and modified by 
the ecological interactions within a mangrove for- 
est. Thus, general patterns may be observed within 
geographic regions, but there are diverse patterns 
globally based on different landforms that occur in 
tropical biogeographic regions. In addition, changes 
in environmental settings caused by drought, sub- 
sidence, or tropical cyclones can interrupt patterns 
in vegetation development (Roth 1992). Since sel- 
dom do we have sufficient long-term records to 
distinguish these patterns in mangrove wetlands, 
there are no models of mangrove succession that can 
be applied outside specific geographical boundaries 
(Berger et al., 2008). A simulation model of man- 
groves in the Shark River estuary of south Elorida 
(Ghen and Twilley, 1998) showed that at least 200 
years of forest development without disturbance was 
necessary to express the steady-state dominance of 
mangrove species, although the maximum basal area 
and biomass may be obtained in nearly 30 years fol- 
lowing hurricane disturbance. It is therefore rare in 
many coastal regions to find "old growth" mangrove 
forest that are not remnants of recent disturbances. 
Although hurricanes may stimulate certain ecological 
processes in coastal ecosystems (Cormer et al., 1989), 
forested wetlands such as mangroves in many tropical 
coastal regions are susceptible to damage from high 
winds and hurricanes (Zhang et al., 2008; Smith et al., 
2009), and the normal frequencies of this region can 
result in a dominance of young successional forests 
(Lugo, 1980). 
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7.3.2 Biomass and Productivity 

Tree height and aboveground biomass of mangrove 
wetlands throughout the tropics decrease at higher 
latitudes (Fig. 7.8a), indicating the constraint of 
climate on forest development in warm temperate 
regions (Twilley et al., 1992; Saenger and Snedaker, 
1993). Aboveground biomass in the lower latitudes 
is about 300 Mg/ha (with standard error of about 
75 Mg/ha) compared to about 100 Mg/ha at the 
higher latitudes. It is interesting that mangrove 
biomass at 20° — 30° north and south latitude are 
about half of the values near the Equator (Twilley 
et al., 1992). Values are not shown, but about 40% 
of the aboveground biomass is found belowground, 
which is higher than in most other wetland forests 
(from Saenger, 2002). Most biomass estimates are 
based on some allometric relation with tree diameter 
and height (Brown and Lugo, 1982). There have been 
excellent summaries of these equations for specific 
species (Saenger, 2002), with one that is considered of 
value for all mangrove wetlands to estimate above- 
ground biomass: AGB = 116.6[(DBH)^H]‘^®®^^ (from 
Komiyama et al., 1988). There is an agreement for 
generalized curves of Rhizophora against DBH based 
on data for Rhizophora apiculata, Rhizophora mucronata, 
R. mangle, and Rhizophora racemosa (Saenger, 2002). 
Also, there is a relation for Rhizophora stylosa that 
belowground biomass is equivalent to aboveground 
biomass multiplied by 0.394 (Komiyama et al., 1987). 

Mangrove biomass can vary dramatically within 
any given latitude (note standard errors on Fig. 7.8a), 
an indication that local effects of resources, regulators, 
and hydroperiod (discussed above) may significantly 
limit the potential for forest development at all lati- 
tudes. The interactions of these three gradients have 
been proposed as a constraint envelope for defining 
the productivity of mangrove wetlands based on the 
relative degree of stress conditions (Fig. 7.4; Twilley 
and Rivera-Monroy, 2005). At low levels of stress 
for all three environmental gradients, mangrove wet- 
lands will reach their maximum levels of biomass 
and net ecosystem productivity, such as along muddy 
coasts in low-latitude regions with low frequency of 
disturbance. Extensive mangrove areas of high pro- 
ductivity occur along the Niger delta, Bangladesh, Fly 
River delta, Usamacinta delta, and French Guinea. 
Coastal settings that result in higher stress conditions 
for any one or more of these gradients have lower total 
net primary productivity. In the description of zona- 
tion above, fringe environments of river-dominated 
coastal settings have the most fertile and least stressed 
environments resulting in highest levels of net pri- 
mary productivity. More stress conditions develop 
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FIGURE 7.8 Mangrove biomass and net primary produc- 
tivity grouped by latitude including (a) aboveground 
biomass, (b) net primary productivity, and (c) net pro- 
duction/biomass ratios. In panel (b), yellow is litterfall, 
blue is wood production, and green is fine root production. 

by moving toward more tidally dominated coastal 
settings, and interior where there is less inundation 
(thus more control by dry vs humid climates). As 
described above, dry interior climates result in ele- 
vated soil salinities and can be a major determinant 
of net primary productivity in many coastal environ- 
ments (Fig. 7.8b). 

There are now extensive surveys of mangrove 
net primary productivity that include litter fall. 
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wood growth, and root production (mainly fine 
roots). When these results are compared across 
latitude, they demonstrate a very interesting pat- 
tern of consisfenf fofal nef producfivify of abouf 
21 Mg/ha/year (Fig. 7.8b). This means fhaf fhe 
producfion/biomass rafio for mangroves varies 
considerably wifh lafifude, approximafely 0.08 af 
low lafifudes and 0.20 in fhe upper region of fhe 
fropics. Liffer fall across fhis lafifude gradienf is 
abouf 10 Mg/ha/year and wood production is 
nearly equivalenf af abouf 9 Mg/ha/year. Fine roof 
production is much less af abouf 2-5 Mg/ha/year, 
wifh rafes increasing af higher lafifudes. In facf, 
fhe percenf of fofal nef producfivify fhaf occurs 
belowground increases from abouf 9% in fhe low 
lafifudes fo abouf 25% af lafifudes befween 20° 
and 30° norfh or soufh (Fig. 7.8c). There are fewer 
esfimafes of fine roof producfion fhan liffer fall or 
wood, and fhis componenf of roof producfion may be 
lower fhan fofal roof producfion esfimafes (Cormier, 
2003). Buf if is evidenf fhaf liffer fall is only half 
of fhe fofal nef primary producfivify of mangrove 
weflands and fhaf for mosf of fhe fropics fhese are 
very productive foresfs in fhe coasfal landscape. 

Liffer fall from a mangrove canopy is dominafed 
by leaf fall wifh fhe remainder fracfion consisfing of 
wood (sfems from fhe canopy), grass, and reproduc- 
tive parfs (Fig. 7.9a). Leaf fall is confinuous year round 
buf wifh seasonal rafes fhaf in fhe Caribbean is during 
fall monfhs of Sepfember fo November. Seasonal and 
femporal rafes for five years af fhe FCE LTER are con- 
sisfenf, wifh fhe reproductive inpuf from fhe canopy 
highesf in lafe summer, jusf before peak leaf fall from 
fhe canopy. A mean leaf fall rafe for mangrove wef- 
lands in fhe Caribbean region is abouf 2 g dry mass 
VC? / day or abouf 750 g/m^/year. Regional rafes in 
liffer producfion in mangrove weflands are gener- 
ally a function of fhe producfion envelope described 
above, and rank among fhe ecological f 5 rpes as fol- 
lows: riverine > fringe > inferior > scrub (Pool ef ak, 
1975; Twilley ef al., 1986; Ewe ef al., 2006; Eig. 7.9b). 
The fafe of leaf liffer on fhe foresf floor in mosf 
upland foresfs is confrolled by rafes of decomposi- 
tion, fhus fhe residence fime of liffer will vary wifh 
local environmenf fogefher wifh chemical characferis- 
fics of leaf fissue, and mosf femperafe foresfs have leaf 
liffer residence fime of abouf 1 year. Mangrove leaf 
liffer decomposes much fasfer fhan mosf upland fem- 
perafe foresfs and even fropical moisf foresfs, wifh 
average residence fime abouf 0.6 year. Rhizophora 
has slower decomposition rafe fhan Avicennia and 
Sonneratia wifh corresponding residence fime of 2-3 
monfhs. 



A unique feafure of mangrove foresfs compared 
fo upland or ofher foresfed weflands is fhe daily 
influence of tides on leaf liffer exporf fo adjacenf 
coasfal wafers. Leaf liffer represenfs a pofenfial source 
of organic maffer and nufrienfs fhaf may be frans- 
porfed fo adjacenf coasfal wafers, facilifafed by some 
species because of fhe buoyanf nafure of senescenf 
leaves (Eig. 7.10). The exporf of fhis leaf liffer by fhe 
bidirecfional flow of tides can fransporf organic maf- 
fer fhaf supporfs commercially imporfanf fisheries 
(Odum and Fleald, 1972; Macnae, 1974; Thayer ef al., 
1987; Yanez-Arancibia ef al., 1988; Roberfson and 
Duke, 1990). The dynamics of mangrove leaf liffer, 
including producfivify, decomposifion, and exporf, 
can defermine fhe coupling of mangrove weflands 
fo fhe secondary producfivify and biogeochemisfry 
of coasfal ecosysfems (Twilley, 1988; Along! ef al., 
1992; Roberfson ef al., 1992; Twilley ef al., 1997). Paf- 
ferns of leaf liffer furnover may be specific among fhe 
ecogeomorphological f 5 rpes of mangrove weflands 
depending on fhe ecological type and the environ- 
mental setting (Lugo and Snedaker, 1974; Twilley 
et al., 1986, 1997). Accordingly, the rank of leaf lif- 
fer furnover is usually riverine > fringe > basin 
wifh greafer liffer exporf in sifes wifh increasing tidal 
inundafion (Pig. 7.9b). 

Several studies in the old world tropics in 
higher energy coastal environments of Ausfralia 
and Malaysia have emphasized fhe influence of 
crabs on fhe fafe of mangrove leaf liffer (Malley, 
1978; Leh and Sasekumar, 1985; Roberfson, 1986; 
Roberfson and Daniel, 1989; Lee, 1989; Camilleri, 
1992; Imgraben and Diffmann, 2008). In fhese 
coasfal environmenfs, a sfricfly geophysical model of 
liffer d 5 mamics is limifed for many mangrove sifes 
where crabs consume 28-79% of fhe annual leaf 
fall (Roberfson, 1986, 1988; Roberfson and Daniel, 
1989). These sfudies suggesf fhaf biological facfors 
may influence leaf liffer furnover more fhan fhe 
geophysical processes as suggesfed in Twilley ef al. 
(1986) for new world mangrove weflands. A sfudy in 
fhe Guayas River esfuary in Ecuador found fhaf fhe 
fafe of leaf liffer in new world mangrove weflands 
was influenced by fhe crab Ucides occidentalis, similar 
fo fhe sfudies of crab processing of leaf liffer in fhe 
old world fropics (Twilley ef al., 1997). Rafes of liffer 
furnover in mangrove weflands wifh crabs in bofh 
hemispheres are similar, and much higher fhan in 
weflands wifh minor influence of crab consumpfion 
on leaf liffer d 5 mamics. Differences in liffer furnover 
rafes among mangrove weflands are a combination 
of species-specific degradafion rafes, hydrology (tidal 
frequency), soil ferfilify, and biological facfors such 
as crabs, which influence fhe rafes of liffer d 5 mamics. 
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FIGURE 7.9 (a) Litter fall for 5 years at four sites in the Florida Coastal Everglades (from Casfaneda 2010). (b) Summary of 
organic matter input (litter fall) and loss (export and decomposition) for different ecological type of mangrove based on 
studies in neotropics. (After Twilley et al. 1986 as modified by Mitsch and Gosselink 2000). 



Mangrove crabs are less abundant in mangrove 
wetlands of the Gulf of Mexico and Caribbean (Jones, 
1984), suggesfing fhaf fhey have less influence on 
ecological processes in mangrove weflands of fhis 
region. However, where fhey do occur in significant 
numbers, mangrove crabs can have a significant 
influence on liffer dynamics. 



Carbon export from mangrove ecosysfems 
ranges from 1.86 fo 401 gC/m^/year (Twilley ef al., 
1992), wifh an average rafe of abouf 210 gC/m/year 
(Table 7.2; Twilley and Rivera-Monroy, 2009). Carbon 
export from mangrove weflands is nearly double 
fhe rafe of average carbon exporf from salf marshes 
(Nixon, 1980), which may be associafed wifh fhe more 
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FIGURE 7.9 (Continued) 



TABLE 7.2 Summary of literature data on particulate, dissolved, and total organic carbon (POC, DOC, and TOC) 
export from mangroves 



Site/Country 


POC Export 


DOC Export 


TOC Export 


Data Source 


Florida (United States) 


— 


— 


186 


Heald (1969) 


Florida (United States) 


— 


— 


292 


Odum and Heald (1972) 


Florida (United States) 


— 


— 


91 


Lugo and Snedaker (1974) 


Australia 


420 


— 


— 


Boto and Bunt (1981) 


Florida (United States) 


16 


48 


64 


Twilley (1985) 


Malaysia 


— 


— 


176 


Gong and Ong (1990) 


New Zealand 


110 


— 


— 


Woodroffe (1985) 


Australia 


— 


— 


332 


Woodroffe et al. (1988) 


Australia 


340 


— 


— 


Robertson (1986) 


Australia 


— 


— 


-7 


Boto and Wellington (1988) 


Hong Kong 


2 


— 


— 


Lee (1989) 


Hong Kong 


5 


— 


— 


Lee (1990) 


Australia 


— 


— 


994 


Alongi et al. (1998) 


Papua New Guinea 


— 


— 


343 


Robertson and Alongi (1995) 


Zanzibar (Tanzania) 


65 


230 


295 


Machiwa (1999) 


Brazil 


— 


44 


— 


Dittmar and Lara (2001a) 


Florida (United States) 


— 


56 


— 


Romigh et al. (2006) 


Brazil 

Florida (United States) 


— 


144 


7.1 


Dittmar et al. (2006) 
Sutula et al. (2003) 


Florida (United States) 


— 


381 


— 


Davis et al. (2001) 



Fluxes are expressed in grams of carbon per square meter per year. 

Source: Adapted from Twilley et al. (1992), Lee (1995), and recently published by Bouillon et al. (2007). 



buoyant mangrove leaf litter, higher precipitation 
in tropical wetlands, and greater tidal amplitude 
in mangrove systems studied (Twilley, 1988). The 
fate of mangrove primary production has been a 
major topic of debate in the literature during the past 
decades (Bouillon et al., 2008a). In particular, the 



"outwelling" h 5 rpothesis, first proposed by Odum 
and Heald (1975), suggested that a large fraction of 
the organic matter produced by mangrove trees is 
exported to the coastal ocean, where it would form 
the basis of a detritus food chain and thereby support 
coastal fisheries (Fig. 7.10). Despite the large number 
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2ND CONSUMERS 



FIGURE 7.10 Schematic of the detrital food chain of the North River estuary in Everglades National Park. From Odum and 
Heald 1972. 



of case studies dealing with various aspects of organic 
matter cycling in mangrove systems (Kristensen 
et al., 2008), there is still no consensus on overall 
mangrove primary production and the ecological 
fate of the organic matter produced (Bouillon et al., 
2008b). 

Several authors have suggested that mangrove- 
derived organic matter is of global significance in the 
coastal zone (Robertson and Alongi, 1995; Schlunz 
and Schneider, 2000; Dittmar and Lara, 2001b). 
Estimates indicate that mangrove forests could be 
responsible for ~10% of the global export of terres- 
trial particulate organic carbon (POC) and dissolved 
organic carbon (DOC) to the coastal zone (Jermerjahn 
and Ittekkot, 2002; Dittmar et al., 2006, respectively) 
and for ~10% of the global organic carbon burial 
along with sea grasses in the coastal ocean (Duarte 
et al., 2005). The exchange of carbon between tidal 
wetlands such as mangrove forests or salt marshes 
and the coastal ocean, and its ultimate fate in the 
ocean is therefore increasingly recognized as a 
potentially important component in the ocean carbon 
budget (Twilley et al., 1992). This may particularly be 
evident in river-dominated mangrove systems such 
as muddy coasts and deltas, where organic material 



exchanged is greater at the boundary of the forests 
compared to other coastal settings (Twilley, 1985). 

7.3.3 Nutrient Biogeochemistry 
of Mangrove Wetlands 

The biogeochemistry of mangrove wetlands includes 
the fate and effects of sediment, nutrients, organic 
matter, dissolved gases, trace elements, and toxic 
substances on ecological properties as a function of 
diverse coastal landscapes (Fig. 7.11). The function of 
mangrove wetlands as either a nutrient source or a 
sink depends on the process of material exchange 
at the interface between mangrove wetlands and 
the estuary, which is largely controlled by tides 
as described above. The specific nature of material 
flux at the estuarine interface is controlled by the 
balance of many ecological processes within the man- 
grove wetland, and therefore, exchange is not strictly 
dependent on the geophysical properties of an estu- 
ary. Defining the relative influence of ecological and 
geophysical processes associated with the biogeo- 
chemical functions of mangrove wetlands as sink, 
source, or transformer of nutrients is clearly one of 
the most complex properties of these ecosystems. 
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Atmosphere Exchange = AE 
Immobilization = IM 
Litter fall = LF 
Retranslocation = RT 
Regeneration = RG 
Sedimentation = SD 
Tidal exchange = TE 
Uptake = UT 




FIGURE 7.11 Biogeochemistry pathways in mangrove forests. Source: Modified from Twilley and Rivera-Monroy 2009. 



Nutrient exchanges may occur with either coastal 
waters (TE) or with the atmosphere (AE), depending 
on whether the nutrient has a gas phase (Eig. 7.1 1 ) . Eor 
instance, P dynamics in mangrove wetlands is repre- 
sentative of a sedimentary cycle and is restricted to 
allochthonous input from fhe river or coasfal envi- 
ronmenfs and redisfribufion by fides or sform evenfs. 
However, subsfantial amounfs of carbon and nifro- 
gen can exchange with the atmosphere depending on 
the balance of cerfain biochemical processes. Thus fhe 
nifrogen cycle of mangrove weflands is very complex 
with several mechanisms both at the interface wifh 
coasfal wafers and wifh fhe afmosphere fhaf influence 
the mass balance of fhis nufrienf . In addition, fhere are 
processes of nufrienf upfake, recycling, and reminer- 
alizafion fhaf cycle nufrienfs among fhe canopy and 
soils of mangrove weflands. These nufrienf cycles are 



similar fo fhose described for ofher foresfed wef- 
lands including roof upfake (UT), refranslocafion 
in fhe canopy (RT), liffer fall (LE), decomposition 
(RG), immobilizafion (IM), and sedimenfafion (SD) 
(Eig. 7.11). One of fhe global hypofheses in mangrove 
nufrienf biogeochemisfry, as wifh ofher weflands, is 
fhaf fhe balance of fhese nufrienf flows will defermine 
fhe exchanges across fhe wefland boundary. 

Evidence of nufrienf resource limifafion in man- 
groves can be evaluafed by summarizing existing 
informafion on soil nufrienf densify among man- 
grove foresfs (68 measuremenfs summarized in Eig. 
7.12a). Nearly one fhird of fhe sifes have fofal P den- 
sify < 0.10 mg/ cm® representing mangroves in either 
interior carbonate settings (isolated from hurricane 
deposifs), or inferior lagoon settings wifh limifed 
sedimenf inpuf (such as basin sifes af Rookery Bay 
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FIGURE 7.12 Survey of nutrient density (upper panel is total nitrogen and middle panel is total phosphorus) from sixty-eight 
mangrove sites around the world (based on mg per volume of sediment). Lower panel is the nitrogen /phosphorus ratio 
(atomic) of these nutrient concentrations for each respective site, (b) Survey of nitrogen fixation rates and denitrification rates 
based on literature values reported in Twilley and Rivera-Monroy (2009). 



and Terminos Lagoon). Nearly half of these man- 
grove sites surveyed have N:P ratios >15, indicating 
that P is potentially limiting under those conditions 
(see discussion above on half saturation constant for 
mangrove biomass). However, both of these surveys 
demonstrate that nitrogen is potentially limiting in 
many locations where sediment deposition in estu- 
arine and muddy coasts provide P density in soils 
sufficient to saturate growth conditions. This trend in 



the relative content of N and P among mangrove 
sifes in muddy, esfuarine and carbonafe seffings 
is probably one of fhe sfrongesf linkages befween 
geomorphological seffings and ecology of mangrove 
weflands (Thom 1967). 

The nef exchange of nifrogen gas in mangrove 
ecosysfems depends on fhe inpufs of nifrogen via fix- 
afion relafive fo fhe loss via denifrificafion (Fig. 7.12b). 
The fixation of nifrogen depends on organisms fhaf 
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utilize the nitrogenase enzyme in specific environ- 
ments. The flux of nifrogen gas ouf of mangrove 
ecosysfems is associafed wifh nifrafe reduction as parf 
of organic respirafion in fhe reduction zone known 
as denitrification. Thus fhe disfribufion of oxidized 
and reduced zones in mangrove soils in response fo 
wafer levels (hydroperiod), fogefher wifh fhe supply 
of oxidized form of nifrogen as NO3, will defer- 
mine fhe nef balance of fhis nufrienf in mangrove 
foresfs (Rivera-Monroy ef al. 1996). 

Nifrogen fixafion represenfs fhe "new" source of 
nifrogen fo fhe sysfem and is fhe only process fhaf can 
compensafe for nifrogen removal by denifrificafion 
(Howarth ef al., 1988). Nifrogenase acfivify has been 
observed in decomposing leaves, roof surfaces (prop 
roofs and pneumafophores), and sedimenf, buf few 
of fhese sfudies have inferprefed fhese rafes relative 
fo fhe nifrogen budgef of mangrove foresfs (Twilley 
and Rivera-Monroy, 2009). These sfudies have shown 
fhaf decaying mangrove leaves are sifes of parficu- 
larly high rafes of fixafion and fhus may accounf for 
15-64% of nifrogen immobilizafion during decom- 
posifion of mangrove leaf liffer on fhe foresf floor 
(Goffo ef al., 1981; van der Valk and Aftiwill, 1984; 
Woifchik ef al., 1997). Sediment and roots fix nifrogen 
in range from nondefecfable fo abouf 15 nmol N/g of 
subsfrafe/h, rafes for leaf liffer are commonly greafer 
than 250 nmol N/g of subsfrate/h (Fig. 7.12a). Pelegri 
ef al. (1997) esfimafed fhat N fixafion could accounf 
for 45-100% of fhe fofal nifrogen immobilized in leaf 
liffer (1-8 mg N dry/wf nitrogen enrichment) in the 
Shark River mangrove sites of fhe Florida Coasfal 
Everglades. However, nifrogen fixafion only could 
supply 7% (8.3 mg N/m^/ day) of fhe N required 
(53 mg N/m^/ day) for mangrove growfh info fhis 
foresf. Mosf of fhe sfudies of N fixafion in mangrove 
weflands average around 50 |xmol/m^/h, which is 
abouf 0.4% of fhe NPP of mangrove weflands (Bouil- 
lon ef al., 2008a). 

Denifrificafion is primarily dependenf on fhe 
presence of a reduction zone, an energy source, 
and availabilify of N03^ source. On fhe basis of 
fhe sources of N03^, fhere are two fypes of denifri- 
ficafion: direcf denifrificafion fhaf is fueled by N03^ 
diffusing from the overlying water column into sed- 
iments, and coupled nitrification-denitrification that 
is supported by N03^ from nifrificafion in fhe sed- 
imenfs (Nielsen, 1992). The confribufions of fhese 
two N03^ sources are regulated by different mech- 
anisms. Direct denitrification is t5rpically a linear 
function of the N03~ concentration in the over- 
lying water and an inverse linear function of the 
oxygen penetration depth in the sediments (Chris- 
tensen ef al., 1990; Nielsen ef al., 1990). Coupled 



nitrification-denitrification is regulated by the rate 
and position of nitrification activity, which in turn, 
is regulated by the nitrification capacity and the 
availability of ammonium and oxygen and is gen- 
erally enhanced by deeper oxygen penetration (Hen- 
riksen and Kemp, 1988; Blackburn ef al., 1994). 

Mangrove sediments have a high potential for 
the removal of N from surface waters with a large 
range in denitrification estimates (Twilley and Rivera- 
Monroy, 2009). When reviewing the rates of nitrogen 
fixation and denitrification both on per mass and per 
area basis, it is clear that extreme values dominate 
the description in mangrove wetlands (Fig. 7.12b). 
There are rates either less than 10 pmol/m^/h or 
greater than 100 |xmol/m^/h, at nearly equal fre- 
quency, for bofh fixafion and denifrificafion. There is 
a slight evidence that denitrification may dominate 
the net flux based on fhis survey, buf few comprehen- 
sive sfudies have evaluated both processes to the net 
nitrogen balance of mangrove ecosysfems. And fhere 
is no evidence fhaf eifher process may dominafe man- 
grove weflands in specific coasfal seffing or ecological 
fype. A general average rafe of denifrificafion among 
mangrove sedimenfs is abouf 180 (imol/m^/h, abouf 
four times fhaf of nifrogen fixafion. This is similar 
fo fhe medium range of rafes measured in mangrove 
sedimenfs described by Nedwell (1975). 

Sponges, funicafes, and a variefy of ofher forms 
of epibionfs on prop roofs of mangrove weflands are 
highly diverse (Sufherland, 1980; Rufzler and Feller, 
1988; Ellison and Eamsworfh, 1992), especially along 
carbonafe shorelines with little terrigenous input. 
The diversity and biomass of fhese communifies 
and associafed ecological functions may be limifed 
fo specific geomorphologic f5q>es fhaf are profecfed 
from furbid wafers. There are a few sfudies on 
ecosysfem funcfion fhaf indicafe fhaf these commu- 
nities are sites of nifrogen fixafion fhaf influence 
the nitrogen budget of mangrove canopies. There 
is evidence fhaf epibionfs on prop roofs may be a 
source of nufrifion for higher level predators as well 
as influencing various processes in mangrove fringe 
foresfs. These processes of nufrienf regenerafion 
associated with sponge communities that colonize 
aerial root systems of mangrove weflands have 
received comparatively little attention, but they 
may influence fhe producfivify of fringe mangrove 
foresfs, as well as enhance fhe exchange of nufri- 
enfs wifh coasfal wafers (Ellison ef al., 1996). The 
specific confribufion of fhese productive and diverse 
epibionf communifies in predominafely carbonafe 
environmenfs may demonsfrafe an imporfanf linkage 
between biodiversify and ecosysfem funcfion. 
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TABLE 7.3 The annual accumulation of inorganic sediment (IS), organic sediment (OS), total carbon, total nitrogen, 
and total phosphorus in a variety of mangrove sites 
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Southwest 


Rookery 


Interior 


239.1 


246.8 


114.5 


6.64 


0.23 


0.97 


Lynch et al. 


Florida 


Bay 


Interior 


184.5 


227.4 


106.5 


6.32 


0.25 


0.81 


1989 






Interior 
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0.24 
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0.27 


5.62 
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173.1 
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0.62 
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Lynch et al. 
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Sediments suspended in the water column are 
deposited in mangrove wetlands during flooding, 
and this allochthonous material enriches mangrove 
soils. Mangrove wetlands are considered land 
builders because of the high sediment-binding 
capacity of fhe roof sysfem (Scoffin, 1970). Compar- 
ing sedimenfafion rafes across sifes in new world 
fropics using fechniques developed by L 5 mch ef al. 
(1989), accumulafion of organic maffer among all 
sifes while accumulafion of inorganic maffer was 
higher in the forests influenced by river discharge. 
The contribution of inorganic maferial ranges 
from 133 fo 5151 g/m^/year wifh higher values 
(>4000 g/m^/year) occurring in riverine mangrove 
foresfs such as fhe Guayas River esfuary, which 
represenfs a riverine type of coasfal setting (Table 7.3; 
Twilley and Rivera-Monroy, 2009). Those sifes wifh 



sedimenfafion rafes less fhan 500 g/m^/year include 
the fringe and basin sifes of Rookery Bay, and fhe 
lowesf rafe of 94 g/m^/year of sedimenf inpuf is fo 
a fringe carbonafe sife in Belize. The IS/OM ratio 
of inorganic (IS) and organic (OM) sedimenfafion 
explains fhe effecfs of geophysical processes on sedi- 
menfafion pafferns in mangrove weflands. The rafios 
are less fhan 1 in the basin sites at Rookery Bay and the 
carbonate site in Belize. The overwash site at Rookery 
Bay and fringe and basin sife in Terminos Lagoon 
have rafios fhaf range from 1.7 fo 2.1, while fhe 
subfidal fringe sife has a ratio of 5.6. All the riverine 
sites have ratios that range from 3.6 fo 7.8 (Table 7.3). 

Tofal nifrogen accumulafion ranged from 
1.34 g/m^/year in fhe subfidal fringe in Rookery 
Bay fo 11.01 g/m^/year in fhe fringe foresf af 
Terminos Lagoon (Table 7.3). There is no clear 
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pattern among ecological types or geographical 
locations. The accumulation of nitrogen among 
the riverine and basin forests was similar at about 
5.5 g/m^/year, which is higher than the range 
of denifrificafion and nifrogen fixation described 
above. Thus nifrogen sforage in sediment soils is an 
important fate of nifrogen in mangrove ecosysfems. 
The accumulation of carbon (59-185 g/m^/year) 
and nifrogen (1.55-5.80 g/m^/year) was associafed 
with deposition of organic maffer and rafes were 
similar among sifes. Afomic carbon/nifrogen ratios 
of accumulafed maferial at the riverine sites were 
greater than 30, whereas sites with less riverine 
input had C/N ratios less than 20. Accumulation of 
phosphorus ranged from 0.11 fo 0.78 g/m^/year and 
fhe higher rafes occurred af sifes wifh high inorganic 
maffer loading. The elevafed phosphafe inpuf rafes 
info riverine mangrove sifes are associafed wifh 
higher levels of litter producfivify compared fo tidal 
mangrove weflands fhaf have less phosphorus inpuf 
and lower producfivify. All of fhe riverine sifes had 
TP accumulafion rafes greafer fhan 0.7 g/m^/year, 
with a range from 0.73 fo 3.62 g/ m^/year. 

Sedimenfation and nufrient burial, particularly 
carbon and nifrogen, in mangrove weflands include 
nof only allochfhonous inorganic maffer inpuf 
(sedimenfation) buf also nef organic maffer inpuf 
resulting from high rates of roof production relative 
to decomposition (Chen and Twilley, 1999). Several 
studies have found fhaf decay of belowground mafe- 
rial is slower fhan leaf liffer (McKee and Faulkner, 
2000; Middleton and McKee, 2001; Poref ef al., 2007). 
A large parf of sedimenfary organic maffer in man- 
grove weflands is derived from roof organic maffer 
(Alongi ef al., 2001) and in many foresf sysfems 
can be fhe principle source of organic maffer in fhe 
deeper soil layers (Ludovici ef al., 2002). For example, 
deposition and slow degradation of mangrove roofs 
may confribufe more fo organic maffer accumulation 
and vertical building of mangrove islands in Belize 
than total litter fall (Middleton and McKee, 2001; 
McKee ef al., 2007). In carbonate settings, similar fo 
fhose of soufh Florida, belowground peat production 
is the primary control of sedimenf accrefion (Lymch 
ef al., 1989; Parkinson ef al., 1994). 

Intrasysfem nufrienf recycling mechanisms 
(Fig. 7.11) may reduce fhe loss of nufrienfs fo exporf 
and reduce fhe demand for new nufrienfs fo supporf 
primary productivity (Switzer and Nelson, 1972; 
Turner, 1977; Ryan and Bormann, 1982). The canopy 
may be a site of nifrogen conservafion in mangrove 
weflands and, fogefher wifh leaf longevify, could 
influence fhe nifrogen demand of fhese ecosysfems. 



If is nof clear if fhe relafive amounfs of nifro- 
gen conserved in fhe canopy via refranslocafion 
respond fo amounf of soil ferfilify. Anofher site of 
nufrienf conservafion is fhe foresf floor where fhe 
concenfrafion of some nufrienfs in leaf liffer during 
decomposifion usually increases on fhe foresf floor 
(Heald, 1969; Rice and Tenore, 1981; Twilley ef al., 
1986; Day ef al., 1987). If fhis increase of nufrienfs, 
particularly nifrogen, is proportionately greafer 
than the loss of leaf mass during decomposifion, 
fhen fhere will be a nef inpuf of nifrogen fo fhe 
foresf floor. The source of fhis nifrogen may be 
absorpfion and adsorption processes by bacterial 
and fungal communities (Fell and Master, 1973; Rice 
and Tenore, 1981; Rice, 1982), and nifrogen fixation 
(see discussion above). Twilley ef al. (1986) found 
thaf fhis process of nifrogen immobilizafion occurs 
in decomposing red mangrove leaf liffer in a basin 
mangrove foresf. Flowever, fhe significance of fhis 
ecological process fo fhe nufrienf budgef of differenf 
mangrove weflands has nof been determined. 

The afmospheric exchange of carbon from man- 
grove weflands has been underestimated based on 
recent findings associated with sediment reminer- 
alization. Total mineralization based on CO 2 fluxes 
from mangrove sedimenfs is available for a wide 
range of mangrove sysfems (Bouillon ef al., 2008a). 
Mangrove creek wafers have consisfently been found 
fo show high CO 2 oversaturafion and hence are a nef 
source of CO 2 to fhe atmosphere, with an overall aver- 
age of 59 ± 52 mmol/m^/ day (n = 21) (references 
from Bouillon ef al., 2008a). These sediment and water 
column estimates relate only to net CO 2 fluxes and 
nof fo overall mineralization rafes. Up-scaling CO 2 
fluxes for sedimenfs and fhe water column separately 
is somewhat problematic, since the relative surface 
areas in fhese intertidal systems shift during tidal 
events. Bouillon et al. (2008a) summarized that the 
similar magnitude in CO 2 efflux from bofh sedimenfs 
and wafer column resulfs in overall CO 2 efflux from 
mangrove sysfems fo be abouf 60 ± 45 mmol / m^ / 
day (ignoring fhe CO 2 efflux under lighf conditions). 
These CO 2 emission rafes are grossly underestimated 
partially because of fhe lateral fransporf of DIG resulf- 
ing from mineralization of organic rich pore wafers 
fhaf drain from mangrove weflands. Recenf analysis 
of dafa sefs consisfenfly show fhaf DIG in mangrove 
creeks far exceeds DOG, by a facfor of ~3-10 (Bouil- 
lon ef al., 2008b). Under fhe assumpfion fhaf bofh 
originafe mainly from fhe fidal exchange and, fhere- 
fore, follow fhe same fidal variations (e.g.. Bouillon 
ef al., 2007), fhis implies fhaf DIG exporf exceeds 
DOG exporf fo fhe same degree. Grab burrows can 
greafly enhance fhe surface area of fhe sedimenf-air 
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or sediment-water interface where exchange of CO 2 
or Die can fake place, serving as significanf conduifs 
for enhancing CO 2 exchange between mangrove sed- 
imenfs and afmosphere (Krisfensen, 2008). 

These updafed esfimafes of carbon flux from 
sedimenfs and wafers of mangrove weflands have 
implications fo fhe debafe on how coasfal ecosys- 
fems influence fhe global carbon budgef (Twilley 
ef al., 1992; Saenger and Snedaker, 1993; Lee, 1995; 
Duarfe ef al., 2005; Jennerjahn and Iffekkof, 2002). A 
reassessmenf of global mangrove carbon budgefs by 
Bouillon ef al. (2008a) esfimafes fhaf more fhan 50% of 
fhe carbon fixed by mangrove vegefafion, esfimafed 
~217 ± 72 Tg C/year, appears fo be unaccounfed for 
based on esfimafes of various carbon sinks (organic 
carbon exporf, sedimenf burial, and mineralization). 
This missing carbon sink is conservatively esfimafed 
af ~112 ± 85 Tg C/year, equivalenf in magnifude fo 
~ 30-40% of fhe global riverine organic carbon inpuf 
fo fhe coasfal zone. The analysis above suggesfs fhaf 
inorganic carbon flux from sedimenfs and mangrove 
wafers is severely underesfimafed and fhaf fhe major- 
ify of carbon exporf from mangrove weflands fo adja- 
cenf wafers occurs as DIG. Using fhe average rafe of 
DIG flux above, global levels of GO 2 efflux from bofh 
sedimenfs and fhe wafer column can be esfimafed 
af 42 ± 31 Tg G/year. This analysis suggesfs fhaf 
mineralizafion and exporf of carbon as DIG is a quan- 
fifafively imporfanf pafhway (178 ± 165 Tg G/year; 
Bouillon ef al., 2008a). The magnifude of fhis process 
could be similar fo fhaf of fhe missing carbon sink 
and may vary in range among differenf mangrove 
sysfems from muddy coasfs fo carbonafe settings. 

7.3.4 Mangrove Food Webs 

The function of mangrove weflands as a source of 
habifaf and food fo esfuarine-dependenf fisheries is 
one of fhe mosf celebrafed values of foresfed wef- 
lands (Fig. 7.10). The “oufwelling h 5 rpofhesis" of 
mangrove weflands has been revised from fhe origi- 
nal paradigms described by Odum and Heald (1972; 
see Fig. 7.10) for fhe esfuaries in soufh Florida. Guf 
confenf analyses developed early concepfual mod- 
els describing how organic defrifus from mangrove 
weflands dominafed fhe lower level consumers in 
esfuarine food webs (Odum and Heald, 1972, 1975; 
Yanez-Arancibia ef al., 1988, 1993). These frophic links 
befween mangrove produefion and higher frophic 
level consumers were indireef, depending on micro- 
bial decomposition of liffer fall and consumption by 
a variefy of small defrifivores before energy is avail- 
able fo higher frophic level organisms (Hafcher ef al., 
1989). In addition, surveys of fishery sfafisfics esfab- 
lish a posifive correlation befween nearshore cafeh 



(shrimp or fish) and mangrove area in fhe vicinify 
of fhose harvesfs (Macnae, 1974; Turner, 1977; Jofhy, 
1984; Sasekumar ef al., 1992; Primavera, 1996). Gor- 
relafions do nof mean causal relationships; however, 
fhey show fhaf where exfensive mangrove habifafs 
are presenf, a productive fishery exisfs; and fisheries 
in many of fhese areas consume a subsfanfial amounf 
of defrifus in fheir diefs. Such sfafisfics supporf fhe 
claim fhaf fhe significance of mangrove weflands fo 
fisheries depends on fhe fofal wefland (mangrove) 
area compared fo fhe wafer habifafs in fhe region 
(Twilley, 1995), similar fo idea for marshes (Nixon, 
1980). In regions wifh low ratio of wefland fo wafer 
area, mangrove carbon confribufion can range from 
2% fo 52% of fhe fofal available carbon pool for sec- 
ondary produefivify (Twilley, 1988; Wafar ef al., 1997; 
Li and Lee, 1998). Evaluafions of differenf carbon bud- 
gefs suggesf fhaf defrifus is an imporfanf componenf 
of fhe energy budgef of coasfal ecosysfems depend- 
ing on fhe mangrove area/open wafer area rafio. 
Ofher esfimafes show fhaf large fraction of organic 
matter produced in mangrove weflands is buried or 
consumed by residenfs of mangrove food webs (Lee, 
1990; Roberfson ef al., 1992; Twilley ef al., 1997). 

New approaches and fechniques using sfable iso- 
fopes have resulfed in a greaf deal of ambiguify on 
specific conclusions associafed wifh coasfal food webs 
(Rodelli ef al., 1984; Newell ef al., 1995; Primavera, 
1996; Lonnergan ef al., 1997; Gifuenfes ef al., 1996; 
Bouillon ef al., 2002; Hsieh ef al., 2002; Schwambom 
ef al., 2002). Af presenf, sfable isofope fechniques do 
nof show a sfrong direef connection befween man- 
grove weflands and food webs as has been suggesfed 
by guf confenf, fishery sfafisfics, or organic matter 
mass balances. The dual-gradienf concepf of defri- 
fus fransporf in esfuaries (Odum, 1984) sfafes fhaf 
organic carbon disfribufions occur along two gradi- 
ents, salinity axis and marsh stream order. According 
to the dual-gradient concept of detritus transport, iso- 
topic ratios between particulate organic carbon and 
consumer tissues will change from predominantly 
terrestrial material to predominantly phytoplankton 
(less negative) as salinity increases. There is also 
a shift from mangrove carbon or benthic microal- 
gae to predominantly phytoplankton carbon along 
increased stream orders. Low stream orders with 
high wetland / open water ratio are more apparent in 
the oligohaline and mesohaline regions of the estuary 
than in polyhaline regions at the mouth of the estuary 
(Odum, 1984). In these small streams, where high 
exchange of organic matter and nutrients between 
water bodies and surrounding wetlands is expected, 
different groups of consumers may interact to move 
intertidal production horizontally across landscape 
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boundaries. Such classification seems to be a very 
appropriate guide in the analysis and interpretation 
of mangrove detritus as energy source, and this t 5 rpol- 
ogy as a frame of reference is similar to the conceptual 
model that isotopic signature of mangrove carbon will 
vary among distinct ecogeomorphic settings (Twilley, 
1995). 

The secondary productivity of tropical estuarine 
fishes in mangrove wetlands have three contributions 
to the energy and nutrient dynamics of estuarine 
ecosystems: (i) they can be stores of nutrients and 
energy, (ii) they control rates and magnitude of 
energy flow through grazing of food sources, and 
(iii) they move energy and nutrients across ecosystem 
boundaries (Yanez-Arancibia, 1985). The migratory 
nature of many of the nekton communities and the 
seasonal pulsing of both organic detritus input and 
primary productivity result in very complex linkages 
of forested wetlands with estuarine-dependent fish- 
eries (Fig. 7.10). The sequential pulsing of primary 
production by planktonic and macrophyte commu- 
nities coupled with seasonal export of mangrove 
detritus suggest that the delivery of organic mat- 
ter sustains high estuarine secondary production and 
species diversity of estuarine-dependent consumers 
(Fig. 7.10) (Rojas-Galaviz et al., 1992; Yanez-Arancibia 
et al., 1993). The seasonal coupling of primary and 
secondary production in mangrove ecosystems, along 
with variation in environmental conditions, shows 
how the functional assemblages of fish use tropi- 
cal lagoon habitats in time and space to reduce the 
effect of competition and predation. Assemblages of 
macroconsumers within functional groups play an 
important ecological role by coupling life history 
strategies with the environmental gradients within 
the estuary. There are two main mangroves habi- 
tats, the fringe (SMS) and riverine (FLS), where the 
same fish population assemblages utilize the habi- 
tats in a sequential manner from one season to the 
next. This diversity in behavior suggests that the lag 
in fluctuations of total biomass through the year, 
as is common in high latitude estuaries, is a conse- 
quence of the sequential use of the different mangrove 
habitats by different species (seasonal programming). 
Although common species appear in fringe and river- 
ine mangroves, there are different peaks of abundance 
regulated by climatic changes that control the biolog- 
ical and physical characteristics of the two habitats 
(Yanez-Arancibia et al., 1988, 1993). Thus the domi- 
nant species (or keystone species) act as controllers 
of the structure and function of the whole macrocon- 
sumer community, while the physical variability and 
mangrove productivity modulate their species diver- 
sity. The seasonal nature of these processes secures the 



recruitment and functional species diversity of estu- 
arine nekton communities (Yanez-Arancibia et al., 
1993). 



7.4 HUMAN IMPACTS AND 
MANAGEMENT 



The ecological properties of mangrove wetlands 
described in the previous section define the function 
of these ecosystems in productivity, biogeochemistry, 
and food webs of mangrove-dominated estuaries. 
Such functions determine the ecosystem services 
of mangrove wetlands such as controlling water 
quality, providing habitat value, stabilizing shore 
lines, and reducing risks from storm surge. Man- 
grove wetlands produce a variety of forest products, 
support the productivity of economically important 
estuarine-dependent fisheries, and modify the water 
quality in warm temperate and tropical estuarine 
ecosystems. Because of the value of these ecosystem 
services in many coastal settings, there is an increased 
human utilization of mangrove resources that vary 
throughout the tropics depending on economic and 
cultural constraints (Fig. 7.13). Economic constraints 
are usually in the form of available capital to fund 
land-use changes in coastal regions, as well as river 
basin development (Twilley et al., 1998). Cultural 
constraints are complex and determine the degree 
of environmental management and natural resource 
utilization. Flowever, the sustainable utilization of 
coastal resources is, to a large degree, controlled 
by these two social conditions of a region. Human 
use and value of mangrove wetlands are therefore 
a combination of both the ecological properties of 
these coastal ecosystems together with patterns of 
social exploitation. Therefore, any best manage- 
ment plan designed to provide for the sustainable 
utilization of mangrove wetlands has to consider 
both the ecological and social constraints of the 
region. Humans are part of all ecosystems, and 
management of natural resources is a combination 
of policies that seek to regulate the actions of 
societies within limitations that are imposed by the 
environment. 

The utilization of mangrove resources by humans 
can have negative feedback effects on the ecological 
processes of mangrove ecosystems (Twilley et al., 
1998; Fig. 7.13). These feedbacks can be indirect 
impacts such as diversion of freshwater, which can 
cause changes in the productivity, litter export, 
and biogeochemistry of mangrove wetlands, among 
other processes. Direct impacts may include inputs 
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FIGURE 7.13 Diagram of the linkages among environmental setting, ecosystem properties, ecological functions, and uses 
of mangrove ecosystems, including feedback effects of human utilization on ecosystem properties. Source: Modified from 
Twilley (1995). 



of excess nutrients or toxic substances such as oil that 
limit the ecological processes of mangrove wetlands. 
If these impacts limit the ecological processes and 
thus the function of mangrove wetlands, then the 
impact cormects all the way back to the use and 
value of these natural resources. Thus the properties 
of mangrove wetlands are influenced by both the 
environmental constraints (forcing functions in 
Fig. 7.13) and the social constraints (economics and 
culture in Fig. 7.13) of a coastal region. Environmental 
and social constraints of mangrove wetlands are 
inextricably linked by the nature of environmental 
feedbacks from human exploitation. Thus the 
ecology of mangrove wetlands has to include 
the impacts of humans and nature. Sustainable 
development of mangrove wetlands may be viewed 
as the proper balance between environmental and 
social constraints that allow for the continued use 
and value of these coastal resources by future 
generations. 

Deforestation of mangrove wetlands is associated 
with many uses of coastal environments including 
urban, agriculture, and aquaculture reclamation, as 
well as the use of forest timber for furniture, energy, 
chip wood, and construction materials (Watson, 1928; 



Saenger et al., 1983). In the Gulf of Mexico and 
Caribbean, there are very few examples of man- 
grove use in silviculture as throughout most of the 
Neotropics, in comparison to Indonesia where man- 
grove plantations have been in existence for several 
decades (Watson, 1928; Snedaker, 1986). Two recla- 
mation activities that have contributed to examples of 
massive mangrove deforestation are agriculture and 
aquaculture enterprises. Agriculture impacts to man- 
grove wetlands are most noted in West Africa and 
parts of Indonesia (Ponnamperuma, 1984), but there is 
little direct reclamation of mangrove intertidal areas 
for rice production in the Neotropics. Many of the 
large agricultural uses are found in humid coastal 
areas or deltas where freshwater is abundant and 
intertidal lands are seasonally available for crop pro- 
duction. Mariculture use of the tropical intertidal 
zones has become one of the fastest growing aquacul- 
ture industries in the past decade. One of the largest 
and most publicized is the expansion of shrimp farm- 
ing in Ecuador, where in the late 1980s, there were 
more shrimp produced in the ponds of this Pacific 
coastal zone than an 5 rwhere else in the world (Twil- 
ley et al., 2000). The environmental impact of shrimp 
farming on mangrove wetlands and water quality of 
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tropical estuaries may threaten the sustainability of 
this economic activity (Twilley et al., 1998, 2000). 

Human alterations of upland wafersheds causing 
diversion of freshwafer (dams and canals) can have 
severe impacfs on coasfal foresfed weflands, par- 
ficularly in dry coasfal environmenfs. Regional scale 
changes in freshwafer surface inflow info coasfal areas 
can alfer fhe landscape disfribufion of mangrove wef- 
lands and reduce fhe producfivify and habifaf qualify 
of fhese foresfed weflands. Togefher, fhese disfur- 
bances can alfer fhe secondary producfivify of fropical 
esfuarine ecosysfems because of degradafion of habi- 
faf and environmenfal qualify and alfer fhe ferresfrial 
and aquafic food webs fhaf mangrove ecosysfems 
supporf. The mosf dramafic impacf of freshwafer 
diversion in fhe Neofropics has been documenfed in 
Colombia, where fhe consfrucfion of highways and 
levees resfricfed fhe flow of fhe Magdalena River fo 
fhe Cienaga Grande de Sanfa Marfa resulfing in fhe 
deafh of nearly 25,000 ha of mangrove weflands over 
fhe pasf decade (Bofero, 1990; Twilley ef al. 1999a; 
Rivera-Monroy ef al., 2011). The sensifivify of man- 
grove weflands fo slighf changes in freshwafer inpuf 
in dry coasfal regions fhat dominafe fhe Caribbean 
and mosf of fhe Gulf coasf has been well documenfed 
(Cinfron ef al., 1978). 

Ofher human impacfs on mangrove weflands can 
be more direcf such as fhe infroducfion of contami- 
nanfs fhaf can disrupf fhe natural ecological processes 
of fhese foresfed weflands (Fig. 7.13). Deferioration 
of wafer qualify includes inpufs of excessive nufri- 
enfs fo coasfal wafers (eufrophication) and foxic 
maferials (heavy mefals, oil spills, and pesficides). 
The increased affracfion of coasfal environmenfs by 
humans has made coasfal regions more vulnerable 
fo fhese wafer qualify problems. The increase in resi- 
dential and recreational real estate in coastal regions 
not only causes direct impacts such as deforestation, 
but this land use also increases the amount of nufrienf 
discharge fo coasfal wafers. A recenf sfudy of man- 
grove weflands in Puerfo Rico has demonsfrafed fhe 
negafive and posifive impacfs of human acfivifies on 
mangrove weflands over a period of 200 years (Marf- 
inuzzi ef al., 2009). During fhe period 1800-1940, fhe 
agriculfural and urban expansion wifhin fhe island 
caused a 45% decline in mangrove cover (from 12,000 
fo 6500 ha), mosfly due fo changes in hydrology, 
drainage, or excessive sedimenfafion. Affer lafe 1940 
with the onset of fhe indusfrial economy, mangrove 
foresfs expanded by nafural recovery due fo reduced 
land-use pressure. Neverfheless, befween 1960 and 
1970 mangrove land cover decreased due fo urban 
expansion. Since fhe esfablishmenf of legal profec- 
fion for all mangrove weflands in fhe early 1970s, 



reductions in area have been prevented in spite of 
confinuing urbanization. 

Mangrove weflands have fhe pofenfial fo be used 
in a landscape design fo remove excess nufrienfs from 
wasfewafers before fhey are discharged fo coasfal sys- 
fems. This pofenfial depends on fhe nufrienf biogeo- 
chemisfry described above such fhaf fhe nufrienf sink 
capacifies of mangrove weflands are optimized rela- 
tive fo fhe nafure of fhe inpuf. There have been some 
descripfions of how fo use mangrove weflands for 
fhe use of nufrienf abafemenf in wasfewafers (Clough 
ef al., 1983; Breaux and Day, 1999). As described 
above, mangrove weflands have a high capacify of 
nifrogen removal via denifrificafion (Nedwell, 1975; 
Corredor and Morell, 1994), and nufrienf burial in 
mangrove soils may also be an imporfanf nufrienf 
removal process. Buf fhe defail designs of hydrol- 
ogy and environmenfal engineering fo opfimize for 
fhese losses need better specifications, since fhere are 
a few pilof sfudies of fhese operafions (Twilley ef al., 
1999b; Rivera-Monroy ef al., 1999). This management 
approach using the nutrient biogeochemistry of man- 
grove weflands represenfs a very imporfant point in 
the management of fhese coasfal foresfs (Fig. 7.13); 
fhaf fhe nafural free services of fhese foresfed wef- 
lands as a nufrient sink can minimize environmenfal 
impacfs. Engineering mangrove weflands for the use 
of wasfe wafer freatment rafher fhan removing fhese 
foresfed weflands can be a posifive feedback fo susf ain 
human acfivifies in fhe coasfal zone. 

Oil spills represenf confaminanfs fo mangrove 
weflands fhat can alter the succession, productivity, 
and nutrient cycling of fhese coasfal foresfed wef- 
lands. These impacfs have been well documenfed in 
ecological sfudies in Puerfo Rico (Cinfron ef al., 1981), 
Panama (Duke and Pinzon, 1993; Garrify ef al., 1994 
and cifafions wifhin), and Gulf of Mexico (Geffer 
ef al., 1981). Negative feedbacks of confaminanfs 
such as oil in fropical coasfal wafers are fhe producfs 
of bofh oil exploration and fransporfafion. These 
inpufs become consfrainfs on fhe ecological processes 
of mangrove weflands by limiting fheir abilify fo 
supporf ecological functions fhaf provide ecosysfem 
services in fropical coasfal regions, such as fisheries 
and foresfry. Efforfs fo minimize fhe damage of 
oil spills and enhance fhe recovery of mangrove 
weflands are imporfanf fo minimize fhe complex loss 
of ecological functions fo fhe coasfal zone. An oil slick 
in a mangrove wefland will cause a cerfain morfalify 
of frees depending on fhe concenfrafion of hydrocar- 
bons and species of frees, as well as fhe edaphic sfress 
levels already existing af fhe sife (Duke and Pinzon, 
1993; Cinfron ef al., 1981). Thus, fhose mangrove 
weflands in dry coasfal environmenfs may be more 
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vulnerable to oil spills than those in more humid 
environments. In addition, Duke and Pinzon (1993) 
found that the exposure of fhe shore fo wind and 
wave energy was an imporfanf facfor in defermining 
fhe degree of free morfalify and reducfions in growfh. 

7.5 CONSERVATION AND 
MANAGEMENT 



Mangrove ecosysfems supporf a variefy of marine 
and esfuarine food webs involving an exfraordi- 
narily large number of animal species (Odum and 
Heald, 1972; Yahez-Arancibia ef al., 1988; Thayer 
ef al., 1987; Gilmore and Snedaker, 1993) and com- 
plex heferofrophic microorganism food web (Odum, 
1971; Fell and Masfer, 1973; Snedaker, 1989; Roberf- 
son ef al., 1992). In fhe new world fropics, exfensive 
surveys of fhe composifion and ecology of man- 
grove nekton have found 26-114 species of fish (from 
Table 9 in Roberfson and Blaber, 1992). In addition 
fo fhe marine and esfuarine food webs and asso- 
ciated species, fhere are a relafively large number 
and a variefy of animals fhaf range from ferresfrial 
insecfs fo birds fhaf live in and/or fhaf feed direcfly 
on mangrove vegefafion. These include sessile organ- 
isms such as oysfers and funicafes, arboreal feeders 
such as foliovores and frugivores, and ground-level 
seed predafors. Sponges, funicafes, and a variefy of 
ofher forms of epibionfs on prop roofs of mangroves 
are highly diverse (Sufherland, 1980; Rufzler and 
Feller, 1988; Ellison and Farnsworfh, 1992), especially 
along mangrove shorelines wifh liffle ferrigenous 
inpuf. There are four disfincf spatial guilds of res- 
idenfs and casual faunal populations in soufh Florida 
mangroves fhaf may have well over an esfimafed 
200 species, many of which are as yef uncafaloged 
(Gilmore and Snedaker, 1993). In addition, over 200 
species of insecfs have been documented in mangrove 
weflands in fhe Florida Keys (Simberloff and Wilson, 
1969). This same richness of insecfs and faunal biofa 
has been observed in ofher parfs of fhe Caribbean 
(Rufzler and Feller, 1988; Bacon, 1990; Farnsworfh 
and Ellison, 1991, 1993). 

One of fhe mosf published links between man- 
grove biodiversify and ecosystem funcfion may be 
fhe presence of crabs in mangrove weflands (Jones, 
1984; Smifh, 1987; Twilley ef al., 1997). In general, 
fhe mangrove crab fauna is dominated by represenfa- 
fives of fwo families, fhe Oc 5 rpodidae and Grapsidae, 
and each family by one genus, Uca and Sesarma, 
respectively. Eurfhermore, wifhin fhe Grapsidae, fhe 
genus Sesarma accounfs for over 60 species of crabs 



predominanfly associafed wifh mangrove weflands 
(Jones, 1984), of which fhe fropical Americas have 
only 3-5 species compared fo over 30 in ofher frop- 
ical confinenfs. Crabs can influence foresf sfrucfure 
(Smifh, 1987; Smifh ef al., 1989; Roberfson ef al., 1990), 
litter dynamics (Roberfson and Daniel, 1989), and 
nufrienf cycling (Smifh ef al., 1991) of mangrove wef- 
lands, suggesting fhaf fhey are a keystone guild in 
fhese foresfed ecosysfems. The selective consumption 
by crabs on mangrove propagules influences rates 
of sapling recruifmenf by removing some species 
from zones of crab habifafion, alfhough fhis process 
seems fo be less significanf in fhe Gulf of Mexico 
weflands fhan in Ausfralia (Smifh ef al., 1989). In 
fhe Neofropics, crab consumpfion is less infense and 
recruifmenf generally follows fhe disfribufion paf- 
fems of propagules and fhe consfrainfs of edaphic 
condifions. 

The fragmenfafion of mangrove-dominafed land- 
scapes is believed fo create fhe same fypes of problems 
for migrafory organisms fhaf are associafed wifh fhe 
fragmenfafion of upland foresfs, yef fhere has been lif- 
fle, if any, research on fhis fopic. There is no documen- 
fafion concerning diel or seasonal migrafion patterns 
of residenf species wifhin mangroves, or how such 
species mighf be affecfed by fhe impacf of fragmen- 
fafion. Eor insfance, sea grass and adjacenf mangrove 
habifafs are used by many species of nekton and 
are generally characferized by high fish abundance 
and diversify. If is clear fhaf fhe ufilizafion of fhe 
fwo interacting habifaf by fishes is spafially disfincf 
buf linked by fhe life cycles of organisms (Yahez- 
Arancibia ef al., 1993). There is a sfrong correlation 
befween fhe life history patterns of migrafory fish 
and fhe paffern of primary production, using fhe fwo 
habifafs sequenfially in a fime period. The fragmenfa- 
fion of mangrove-sea grass landscapes probably will 
reduce ecosystem complexify and nekton diversify. 
If has been speculated fhaf one of fhe consequences 
in loss of mangrove area and / or increased fragmen- 
fafion will be reduction in population numbers (and 
fhis may be imporfanf for commercial species) or ouf- 
righf local extinctions of cerfain species. Flowever, 
as reviewed by Roberfson and Blaber (1992), fhere is 
no empirical evidence fhaf such a consequence will 
occur. 

Resforafion of ecosysfems is considered fhe ulti- 
mate fesf of our scientific undersfanding of fhe ecolog- 
ical processes fhaf confrol fhe sfrucfure and funcfion 
of fhe landscape (Ewel, 1987). There have been sev- 
eral reviews of mangrove resforafion (Lewis, 1982; 
Eield, 1996), and collectively fhaf have alluded fo 
fhe concepf fhaf since fhese foresfed weflands are 
adapfed fo sfressed environmenfs, fhey are relafively 
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amenable to restoration efforts. The success of man- 
grove resforafion is fhe esfablishmenf of fhe proper 
environmental settings that have been described in 
this chapter that control the characteristic structure 
and function of mangrove wef lands. Degraded or 
disfurbed mangrove weflands can be described as a 
divergence in mangrove sfrucfure and funcfion away 
from the natural or reference condifion (reference 
sife). The degree of fhis divergence in some selecfed 
properties of fhe degraded sife away from fhe nafural 
sife depends on fhe magnifude of fhe impacf . The goal 
of ecological resforation is fo refum fhe degraded sife 
back to either the natural condition (restoration) or 
to some other new condition (rehabilitation). In most 
cases, the damage to mangrove environments is so 
severe that restoration efforts are no longer available. 
The rates of change in the ecological characteristics of 
mangrove weflands between nafural, degraded, and 
some rehabilifated condifion are known as trajecto- 
ries. The nafure of fhese frajecfories will depend on 
fhe f 5 ^e of environmental impact, the magnitude of 
fhe impacf, and fhe ecogeomorphic f 5 ^e of mangrove 
wef land fhaf is impacfed. Alterations in the environ- 
mental setting have to be restored or maintained to 
obtain a restoration trajectory whereby a degraded 
site returns back to a natural condition; deviations in 
the environmental settings will more likely result in 
some altered or rehabilitated mangrove wetland. Tra- 
jectories are a very important concept in the ecological 
restoration of any ecosysfem, since fhey include bofh 
fhe sfrucfural and funcfional characferisfics of fhe 
sifes relative fo nafural conditions and fhe fime 
required fo obfain a rehabilifafed sfafe or condifion 
(Twilley ef al., 1999a). 

The effectiveness of any mangrove resforation 
project depends on the establishment of proper sife 
conditions including currenfs from waves and winds, 
tidal flooding frequency, femperafure, soil resources, 
and regulafors (salinify and hydrogen sulfide), along 
with ecological processes of fhe sife such as fhe avail- 
ability of propagules and fhe recruifmenf of fhese 
individuals fo sapling sfage of developmenf . Thus, fhe 
seasonal nature of planting and propagule density, 
along with increased selective mortality of propag- 
ules from physiological sfress, increased mortalify 
by crab consumption and disease, will establish the 
initial trajectory of any resforafion projecf (Twilley 
ef al., 1999a). Some of fhe key paramefers of a resfora- 
fion projecf include fhe elevation of fhe landscape fo 
provide fhe proper hydrology of fhe sife, recogniz- 
ing the significance of nafural processes fo susfaining 
the restored condition, and proper planting tech- 
niques to enhance recruitment (Bosire et al., 2008). 



There are several examples of mangrove resfora- 
fion projecfs in Florida and Puerfo Rico fhaf include 
some recommendations concerning sife preparafion 
and mangrove planting fechniques (see references 
in Lewis, 1990a,b; Cinfron, 1990; and Snedaker and 
Biber, 1996). The lack of postprojecf moniforing has 
limited the ability to determine what specific fech- 
niques deliver fhe opfimum resulfs. Recent studies 
on factors that affect tolerance of seedlings fo envi- 
ronmental and ecological processes discussed above 
provide more specific information on fhe nature of sife 
preparations needed to establish mangrove forests 
(Bosire et al., 2008). 
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8.1 INTRODUCTION 



Benthic algae play a key role in regulating carbon and 
nutrient turnover and in supporting food webs in 
shallow-water coastal environments. They are espe- 
cially important in the wide diversity of esfuarine 
habifafs found worldwide. Benfhic producers are gen- 
erally divided info macroalgae and microalgae (also 
known as microphytobenthos). Macroalgae confribufe 
between 4.8% and 5.9% of fhe fofal marine nef primary 
producfivify (calculafed from Duarfe and Cebrian, 
1996). Alfhough lower fhan fofal oceanic (81.1%) and 
coasfal (8.5%) phyfoplankfon, fhe local macroalgal 
producfivify (per square mefer) is comparable fo some 
of fhe mosf producfive ferresfrial ecosysfems such as 
fropical foresfs. Benfhic microalgae offen form visible 
brown or green mafs on fhe sedimenf surface. These 
mafs are fhin, as fhe microalgae are confined fo fhe 
phofic zone (1 -3 mm) of fhe sedimenf, yef fhe densify 
of algae and ofher microorganisms is usually high, 
offen 100 - 1000 fimes higher fhan in fhe wafer column. 
In shallow esfuaries, benfhic microalgae normally 
accounf for 20-50% of fhe fofal primary producfion 
(Underwood and Kromkamp, 1999). In fhis chapfer, 
we discuss fhe benfhic algal communifies fhaf inhabif 
fhe soff-boffom (mud/ sandflaf, seagrass bed, marsh), 
hard-boffom (rocky inferfidal, shallow subfidal), and 
coral reef habifafs fhaf lie wifhin esfuarine ecosys- 
fems. 



8.2 TAXONOMY 



All algae af some sfage of fheir life cycles are unicellu- 
lar (usually as reproducfive sfages such as spores or 
zygofes), and fhey are viewed as "primifive" phofo- 
synfhefic organisms because of fheir relafively simple 
consfrucfion and fheir long evolufionary hisfory. 
Prokaryofic "blue-green algae," or cyanobacferia, are 
fhe oldesf group, wifh fossils dafing back almosf 3000 
million years. These firsf algal fossil remains include 
sfromafolifes, which are sfrucfures formed in shallow 
fropical wafers when cyanobacferial mafs accrefe 
layers by happing, binding, and cemenfing sedimenf 
grains. Phofos 5 mfhesis by fhese early primary 
producers was responsible for much of fhe oxygen 
fhaf evenfually builf up fo fhe levels fhaf occur 
today. Evolufion of eukaryofic algae occurred much 
lafer, abouf 700-800 million years ago, alfhough 
fhis date is difficulf fo defermine more exacfly as 
mosf groups were composed of soff fissue fhaf 
would nof have been preserved reliably in fhe fossil 
record. 

Marine macroalgae or "seaweeds" are a func- 
fional rafher fhan phylogenefic group comprising 
members from fwo kingdoms and af leasf four major 
phyla (divisions). There is a wide variafion in algal 
classificafion schemes among sysfemafisfs, buf fhe 
fradifional divisions for macroalgae are Cyanobacteria 
(prokaryofic blue-green algae, somefimes termed 
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Cyanophyta), Chlorophyta (green algae), Phaeophyta 
(brown algae), and Rhodophyta (red algae) (Littler and 
Littler, 2000). 

Marine green algae range from cold temperate 
to tropical waters. Green algae reach highest diver- 
sity and abundance in tropical regions, with several 
families such as the Caulerpaceae and Udoteaceae being 
very abundant in coral reef and associated seagrass 
habitats. Often overlooked, but very abundant, are 
filamentous green algae that bore into coral skeleton 
and proliferate widely, with high rates of produc- 
tivity (Littler and Littler, 1988). Opportunistic green 
algae form nuisance blooms in estuaries worldwide; 
in eutrophic systems, they form almost monospecific 
mats of extremely high biomass. 

Brown algae are almost exclusively marine and 
are dominant in temperate waters where hard- 
bottomed habitats occur. Some genera of structurally 
robust forms such as Laminaria and Sargassum 
dominate in very high energy zones. Kelps are 
"ecoengineers" that form extensive forests in coastal 
areas where nutrients are supplied by upwelling. 
Other groups of fast growing and more opportunistic 
genera such as Dictyota may form seasonal blooms in 
tropical and subtropical regions. 

The majority of seaweed species is in the 
Rhodophyta. At present, the approximately 4000 
named species of red algae exceed the number of 
species in all other groups combined (Lee, 1999). 
Although red algae are extremely speciose in tropical 
and subtropical regions, their biomass is low relative 
to that in temperate areas. The most common forms of 
red algae in the tropics include crustose members of 
the family Corallinaceae as well as a high diversity of 
small, less obvious filamentous species that comprise 
algal turfs. However, there are some genera of 
upright and branching calcifying forms such as 
Galaxaura and branching or flattened foliose red algae 
in the genera Laurencia, Asparagopsis, and Halymenia 
that can be quite conspicuous and abundant on reefs 
under certain conditions. The highest biomass of red 
algae is found in temperate and boreal regions. Some 
large fleshy members of the Rhodophyta with descrip- 
tive names such as "Turkish towels" blanket rocky 
intertidal and subtidal regions. Other genera, such as 
Gracilaria, form blooms in estuaries and lagoons. 

In most cases, the benthic microalgal community 
in estuarine habitats is a mixture of several taxonomi- 
cal groups, although blooms tend to be dominated by 
one or few species. The taxa that form t 5 rpical visible 
microbial mats on the sediment surface in the photic 
zone are mostly diatoms (phylum Bacillariophyta) and 
cyanobacteria (the prokaryotic phylum Cyanophyta 
or Cyanobacteria). The term microbial mat originally 



referred to consortia dominated by prokaryotic pho- 
totrophs (Stal and Caumette, 1992), but here it is 
used in a broader sense, including all types of mats 
consisting of microscopic phototrophic organisms. 

Diatoms are by far the most common taxonomic 
group, giving the sediment a brown color because 
of the pigment fucoxanthin. Benthic diatoms are dif- 
ferent from planktonic diatoms in that they mostly 
represent the permate diatoms, with more or less 
bilateral symmetry (classes Fragilariophyceae and Bacil- 
lariophyceae) according to the systematics in Round 
et al., 1990). They are solitary, and when they have 
a raphe (a slitlike structure) on both valves of their 
silica frustule (or covering), they are motile. Those 
that have no raphe, or a raphe only on one valve, 
can form short colonies. Some centric diatoms (class 
Coscinodiscophyceae) can be common on sediments, for 
example, Paralia sulcata. The size of benthic diatoms 
ranges from a few micron to 500 |xm; the sigmoid 
cells belonging to the genera Gyrosigma and Pleu- 
rosigma are some of the largest. Because many benthic 
diatoms are small (<10 pm), it is difficult to identify 
live cells to species level in a light microscope. When 
the organic cell contents are removed by oxidation to 
prepare "diatom slides," the taxonomically important 
ornamentation of the silica frustule can be viewed. 

Cyanobacteria are widespread both on soft and 
hard substrates. They form mats along reef margins 
or on coral (Smith et al., 2009), may be epiphytic on 
other algae (Fong et al., 2006), rapidly colonize open 
space opportunistically after disturbances (Belk and 
Belk, 1975), and may bloom in response to nutrient 
enrichment (Armitage and Fong, 2004). Cyanobac- 
terial mats are also common on salt marshes, par- 
ticularly in subtropical and tropical estuaries and 
extreme habitats such as h 5 rpersaline lagoons. They 
are laminated systems that form interdependent lay- 
ers of vertically stratified phototrophic, heterotrophic, 
and chemotrophic microorganisms. They function as 
laterally compressed ecosystems that support most 
of the major biochemical cycles within a vertical 
dimension of a few millimeters (Paerl and Pinckney, 
1996) . T 5 rpical benthic genera are the filament-forming 
Oscillatoria and Microcoleus and the colony-forming 
Merismopedia. Many filamentous benthic cyanobacte- 
ria fix nitrogen gas (N 2 ) (Paerl and Pinckney, 1996). 
See Chapter 4. 

Flagellates such as dinoflagellates (Dinophyta), 
euglenophytes (Euglenophyta), chlorophytes {Chloro- 
phyta), and cr 5 qjtophytes (Cryptophyta) are also found 
in estuarine microphytobenthos. Dense populations 
of dinoflagellates of the genus Amphidinium can 
occasionally give the sediment surface a red brown 
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color. See Chapter 4. As for phytoplankton, pho- 
topigments can be used to identify and quantify the 
presence of major taxonomical groups of benthic 
microalgae in surface sediments (Chapter 4). 

8.3 FUNCTIONAL FORMS 

Structurally, benthic algae include diverse forms that 
range from single cells to giant kelps over 45 m in 
length with complex internal structures analogous to 
vascular plants. Species diversity may be extremely 
high in benthic algal communities (Guiry and Guiry, 
2007; see http: / / www.algaebase.org), and can be sim- 
plified by classifying algae by functional-form cate- 
gories. Steneck and Dethier (1994) classified algae into 
the following groups based on productivity and sus- 
ceptibility to grazing: microalgae, filamentous, crus- 
tose, foliose, corticated foliose, corticated macrophyte, 
leathery macrophyte, and articulated calcareous. 

For macroalgae, a classification scheme based on 
a broader set of characteristics was put forward by 
Littler and Littler (1984): sheet, filamentous, coarsely 
branched, thick leathery, jointed calcareous, and crus- 
tose forms (Table 8.1). These groups of functional 
forms have characteristic rates of nutrient uptake 
and mass-specific productivity, turnover rates, and 
resistance to herbivory that allow them to perform 
similarly in response to environmental conditions, 
despite differences in taxonomy. A key characteristic 
that drives these differences in function based on form 
is the ratio of surface area to volume (SA:V) of the 



thallus. Macroalgae are also grouped more generally 
into "ephemeral” or "perermial" forms. Ephemeral 
macroalgae t 5 rpically have a high thallus SA:V and 
inherently rapid nutrient uptake and growth rates. 
Most of the bloom-forming macroalgae that occur in 
response to nutrient overenrichment (eutrophication) 
(e.g., Ulva sp., Chaetomorpha sp., Gracilaria sp., Polysi- 
phonia sp.) are ephemeral, and usually comprise very 
simple thallus forms such as those in the first three cat- 
egories of Littler and Littler (1984). They tend to live 
floating and unattached or loosely attached to hard 
surfaces (i.e., shells, worm tubes) on the sediment 
(Schories and Reise, 1993; Thomsen and McGlath- 
ery, 2005). Perennial species such as crustose and 
calcareous macroalgae tend to live in low nutrient 
or stressful habitats (e.g., low light, low tempera- 
ture) where a slow growth rate or perennial life form 
confers an advantage. 

Lor benthic microalgae that live in sediments, the 
energy regime of the habitat determines the dominant 
life forms. In wave-exposed, well-sorted sands, life 
forms that are firmly attached to sand grains dominate 
and are called epipsammic (attached to sand grains). 
In high energy sand, most epipsammic diatoms are 
found in the crevices of the sand grains, where 
they are protected from abrasion. T 5 rpical genera are 
Achnanthes, Cocconeis (with raphe on one valve), and 
small-sized Navicula-\ike genera and Amphora (raphe 
on two valves) (Lig. 8.1a). These life forms attach by 
mucopolysaccharides extruded through their raphe. 
In less wave-exposed sands, solitary cells or colonies 



TABLE 8.1 Functional-form groups of predominant macroalgae, their characteristics, and representative taxa 





Functional-form 

Group 


External 

Morphology 


Comparative 

Anatomy 


Thallus 

Size/texture 


Example 

Genera 


1. 


Sheetlike algae 


Flattened or thin 
tubular (foliose) 


One-several cell 
layers thick 


Soft, flexible 


Ulva 

Halymenia 


2. 


Filamentous algae 


Delicately branched 


Uniseriate, 
multiseriate, or 
lightly corticated 


Soft, feixible 


Chaetomorpha 

Cladophora. 

Gelidium 

Caulerpa 


3 


Coarsely 
branched algae 


Terete, upright, 
thicker branches 


Corticated 


Wiry to fleshy 


Acanthophora 

Laurencia 


4. 


Thick leathery 
macrophytes 


Thick blades and 
branches 


Differentiated, 

heavily 

corticated, thick 
walled 


Leathery-rubbery 


Sargassum 

Turbinaria 


5. 


Jointed 

calcareous 

algae 


Articulated, 

calcareous, 

upright 


Calcified genicula, 
flexible 
intergenicula 


stony 


Galaxaura 

Amphiroa 


6. 


Crustose algae 


Epilithic, prostrate, 
encrusting 


Calcified, 

heterotrichous 


Stony and tough 


Porolithon 

Hydrolithon 



Source: Adapted from Littler and Littler (1984). 
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FIGURE 8.1 Benthic diatom assemblages viewed by scanning electron microscopy (SEM). (a) Epipsammic diatoms {Aclman- 
thes and Navicula) in the cavity of a sand grain, (b) Vertical cut of a sediment surface at low tide photographed in a low 
temperature SEM. Motile diatoms have moved to the sediment surface where they form a dense microalgal mat. Strings 
forming networklike patterns consist of extracellular polymeric substances (EPS) excreted by diatoms (the pattern is an 
artifact produced by the method). Source: Photograph (a) by H. H&kansson and K. Sundback, (b) by A. Miles, Sediment 
Ecology Research Group, University of St. Andrews, Scotland. 



of small diatoms are found profruding from fhe sed- 
iment particles. Such genera include Fragilaria and 
Opephora, which lack raphe, but attach through a 
mucopolysaccharide pad extruded from apical pores. 
The more shelfered fhe sedimenf is from wave expo- 
sure, fhe more common are mofile life forms {epipelic; 
originally meaning “living on mud"). These are fhe 
diatoms fhaf form visible, cohesive microbial mafs 
on fhe sedimenf surface, particularly on muddy tidal 
flafs (Fig. 8.1b). The cohesiveness is due fo exfracellu- 
lar polymeric subsfances (EPS) fhaf are exfruded from 
the raphe and from pores in the silica frustule. The 
production of EPS is relafed fo fhe mofilify of raphe- 
bearing life forms (genera such as Navicula, Amphora, 
Nitszchia, Gyrosigma, efc.; for sysfemafics of fhe diatom 
genera, see Round ef al., 1990). In fine sedimenfs, 
epipsammic life forms are found attached fo floes of 
organic maffer consisfing of defrifus and fecal pellefs. 

8.4 HABITATS 



8.4.1 Soft-Bottom: Mud/Sandflats, 
Seagrass Beds, and Marshes 

Benfhic algae are imporfanf members of fhe pri- 
mary producer community in shallow soft-sediment 



systems worldwide where light penetrates to large 
areas of fhe benfhos. In those systems subject to low 
nitrogen loading rates, macroalgae occur in relatively 
tow abundance attached to the benthos, are epiphytic 
on seagrass blades, or form drifting mafs. Within trop- 
ical seagrass beds, calcareous and/or siphonaceous 
green macroalgae such as Halimeda and Caulerpa are 
commonly attached to the benthos; calcification and 
chemical defenses provide protection from mosf her- 
bivores. Calcified macroalgae ulfimafely confribufe 
significantly to the accumulation and stabilization of 
fropical sands (Macinfyre ef al., 2004). In bofh fropical 
and temperate seagrass beds, macro- and microal- 
gae attach epiphytically to seagrass blades. Although 
even low abundances of epiphyfes can have negative 
effeefs on seagrasses due fo shading and interference 
wifh gas and nufrienf exchange, in seagrass sysfems 
wifh low nufrienf loading and infacf herbivore popu- 
lafions epiphyte biomass accumulation is modes! and 
confribufions fo food webs are significanf (Williams 
and Ruckelshaus, 1993). In low nufrienf soff-sedimenf 
sysfems, drift macroalgae are also presenf in low 
abundance, buf are ecologically imporfanf as fhey 
may provide profeefion from predation and aid in 
dispersal of inverfebrafes and fishes (Salovius ef al., 
2005; Holmquisf, 1994). However, when abundances 
increase, drifting mafs can have negafive effeefs on 
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their seagrass hosts, reducing density through smoth- 
ering and shading (Huntington and Boyer, 2008). 

Macroalgae can occasionally be abundant in 
the lower salt marsh zone in estuaries. Examples 
include the ephemeral green algae {Blidingia, Rhizo- 
clonium, and Ulva (including former Enteromorpha)), 
slow-growing stress tolerant and long-lived brown 
algae {Fucus and Ascophyllum), inconspicuous slow- 
growing red algae {Bostrychia and Caloglossa), and 
invasive species (e.g., Gracilaria vermiculophylla). 
Many macroalgae in the understory of salf marsh 
vegefafion are complexed wifh cyanobacferia and 
diafom mafs. Producfivify of fhese mixed algal 
communities can be very high, af fimes equaling 
or exceeding fhe producfivify of fhe vascular plan! 
canopy (Zedler, 1982). When algae are abundanf in 
fhe undersfory of fhe vascular plan! communify, fhey 
may affecf primary production rafes, biogeochemical 
cycling, frophic inferacfions, and environmenfal con- 
difions, such as evapofranspirafion, infilfrafion, and 
sedimenf characferisfics (Brinkhuis, 1977; Moseman 
ef al., 2004; Boyer and Fong, 2005; Thomsen ef al., 
2009). 

Similar fo macroalgae, benfhic microalgae are 
also imporfanf primary producers on illuminafed 
shallow-wafer sedimenfs. On sedimenfs where fhere 
are no macroscopic primary producers, fhey are fhe 
only benfhic primary producers, forming fhe base 
for benfhic food webs. Benfhic microalgae are mosf 
well sfudied on tidal mud- and sandflafs, buf are 
also imporfanf in subfidal habifafs, particularly in 
microfidal esfuaries, where fhe wafer column offen 
sfays clear fhrough mosf of fhe day because of fhe 
lack of sfrong fidally induced furbidify. In large deep 
esfuaries, such as Chesapeake Bay, a high percenfage 
of fhe sea floor is wifhin fhe photic zone, enabling 
primary producfion fo occur over large areas. 

8.4.2 Hard-Bottom: Rocky Intertidal, 
Shallow Subtidal 

Rocky inferfidal and shallow subfidal zones world- 
wide are dominafed by macroalgae, microalgae, and 
sessile inverfebrafes. While common along open 
coasfs, some rocky areas exisf in shelfered esfuarine 
sysfems such as fjords and sounds. The rocky 
inferfidal zone is characferized by environmenfal 
exfremes (femperafure, salinity, desiccation, nutrient 
supply), yet there are also strong biotic interactions 
that combine to produce striking patterns of zonafion 
along elevafional gradienfs. Bofh macroalgae and 
microalgae play imporfanf roles as in situ producers, 
forming fhe base of local food webs. 

Macroalgae in rocky inferfidal habifafs are 
highly diverse and abundanf, especially in femperafe 



regions. Virfually every functional form of macroal- 
gae can be found in hard-boffomed habifafs, from 
delicafe branching genera such as Plocamium fo large 
and fleshy reds and browns such as Mastocarpus 
(Turkish Towel) and Egregia (Feafher Boa Kelp). 
Many classical sfudies have identified fhe imporfance 
of fop -down forces in confrolling fhe sfrucfure of 
rocky inferfidal communities (e.g., Cormell, 1972; 
Paine, 1974). More recenf work has begun fo focus 
on boffom-up processes as well as fhe relafionship 
between biodiversify and ecosysfem funcfions such 
as producfivify and nufrienf refenfion (e.g.. Worm 
and Lofze, 2006; Bruno ef al., 2008). Alfhough rocky 
inferfidal and shallow subfidal sysfems in fropical 
regions are far less sfudied, fhere is some evidence fo 
suggesf fhaf macroalgal communifies in some areas, 
such as fhe Pacific coasf of Panama, are confrolled 
by fhe same ecological processes as femperafe 
sysfems (Lubchenco ef al., 1984). In polar regions, fhe 
exfreme and variable lighf climafe and continuous 
near-freezing femperafures impose consfrainfs on 
macroalgal producfion and depfh disfribufion, as 
areas are f 5 rpically ice covered for all buf two months 
of the year. Despite these harsh conditions, crustose 
coralline macroalgae can be found down to 50 m 
depth in Arctic estuaries where the light level is 
only 0.004% of surface irradiance (Rysgaard ef al., 
2001). Large brown algae in the genera Laminaria 
and Fucus are often the community dominants in the 
2-20-m-depth region attached to rocks, stones, and 
even gravel in protected areas (Witman and Dayton, 
2001; Krause-Jensen ef al., 2007). Physical disturbance 
by ice scouring often limits the distribution at 
shallow depths, and light limitation and possibly also 
disturbance from walrus feeding activities sets the 
lower limit of distribution in Arctic waters (Borum 
ef al., 2002; Krause-Jensen ef al., 2007). 

Although macroalgae are the most prominent 
vegetation of rocky shores, there is also another less 
evident, but ecologically important algal community, 
the microscopic epilithic (growing on rock) commu- 
nity. Rocky surfaces are covered by a biofilm compris- 
ing microalgae, cyanobacteria, and newly germinated 
stages of macroalgae. This often slippery biofilm also 
includes bacteria, protozoans, and meiofauna. In the 
upper intertidal, cyanobacteria give the rock surface a 
dark, almost black color. T 5 rpical cyanobacterial gen- 
era are Rivularia and Calothrix. However, the black 
color can also be due to salt-tolerant lichens, such as 
Verrucaria maura. Epilithic diatoms often include life 
forms that are stalked and form colonies (for example, 
the genera Gomphonema, Fragilaria). The biofilm is an 
important food source for limpets and periwinkles 
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and also influences the settlement of invertebrate lar- 
vae. In addition to a top-down control by grazers, 
the algae in the intertidal biofllm are controlled by 
physical stress caused by high insolation (Thompson 
et al„ 2004). 

8.4.3 Coral Reefs 

Coral reefs are productive, diverse, and economically 
important ecosystems that dominate hard-bottomed 
habitats in low nutrient tropical and subtropical 
waters. They proliferate in open nearshore habi- 
tats and in sheltered lagoons along tropical and 
subtropical coasts. On pristine coral reefs, fleshy 
macroalgae are rarely spatially dominant (Littler and 
Littler, 1984); rather, tropical reefs in low nufrienf 
wafers are dominafed by crusfose coralline and furf- 
forming algae. These algae form fhe base of benfhic 
food chains, confribufe to biodiversity, and stabi- 
lize reef framework. Crusfose coralline algae play 
an imporfanf role in reef accretion, cementafion, and 
sfabilization (Littler et al., 1995). Algal turfs, compris- 
ing filamentous algae and cropped bases of larger 
forms, are ubiquitous throughout tropical reefs and 
are characterized by high rates of primary produc- 
fivify. An exception to dominance by corallines and 
turfs on pristine reefs can occur when mechanisms 
exisf which limif fhe efficacy of herbivores. Physical 
or chemical defenses produced by macroalgae such as 
Dictyota and Sargassum, and spatial refuges from her- 
bivory such as surrounding sand planes or fhe bases 
of branching corals, can support fleshy macroalgae 
(Hay, 1984; Smith et al., 2010). Human impacts on 
reefs such as overfishing of herbivorous fishes (Jack- 
son ef al., 2001; Hughes et al., 2003) and increased 
nutrient supplies (Smith et al., 1981; Lapointe et al., 
2005) may also produce dominance by macroalgae. 

8.5 SPATIAL PATTERNS OF 
BIOMASS AND PRODUCTIVITY 

8.5.1 Broad Geographic 
Scale — Latitudinal Differences 

Benthic macroalgae are found in subfidal and infer- 
fidal esfuarine habifafs from tropical to polar regions. 
Some macroalgal species have broad geographic dis- 
tributions, indicating their ability to acclimate to 
climatic variations in temperature and irradiance. 
For example, the foliose Laminaria saccharina occurs in 
rocky subtidal habitats from Spain fo North Green- 
land (Liining, 1990), and coralline algae inhabit waters 
throughout tropical and polar regions (Steneck, 1986). 



Mesoscale differences in annual rafes of producfivity 
are related predictably to temperature and irradi- 
ance levels. Rates of producfivify can be as high as 
2500 g C/ m^/year (Valiela, 1995), and highesf armual 
rafes are in fropical communities where growth and 
temperature conditions are favorable fhroughout fhe 
year. In regions where wafer column producfivify is 
low, as in the tropics and some polar regions, benthic 
macroalgal production can exceed pelagic produc- 
tion on an areal basis (Duarte and Cebrian, 1996; 
Krause-Jensen et al., 2007). 

Benthic microalgae are found on every surface 
thaf is reached by light. While benthic microalgae 
exist in all climatic zones, their temporal and depth 
distribution varies with latitudinal light conditions 
and the transparency of fhe water column. The range 
of armual benfhic microalgal primary producfion 
varies from 5 fo over 3000 g C/m^/year, buf mosf 
values are within the range 20-500 g C/m^/year 
(Gaboon, 1999), and the highest values are from frop- 
ical regions. Areal values of bofh daily nef primary 
producfion (NPP) and chlorophyll a (a rough measure 
of microalgal biomass) are often similar in magnitude 
to those for phytoplankton in shallow, clear water of 
fhe coastal regions. In shallow (1-3 m) estuaries, ben- 
thic microalgae can account for up to 70% of fhe fofal 
primary producfion (Underwood and Kromkamp, 
1999; Baird ef al., 2004), and in areas fhaf lack macro- 
scopic primary producers, fhey constitute the only 
autochthonous benthic source of primary producfion. 
Even in femperafe seagrass meadows, fhe confribu- 
fion of benfhic microalgae can be 20-25% of the 
total benthic primary production ( Asmus and Asmus, 
1985). In tropical and subtropical seagr ass-vegetated 
sediments, the biomass of benthic microalgae can be 
as high as that in adjacent unvegetated sediments, 
even though the seagrass canopy reduces light avail- 
ability at the sediment surface (Miyajima ef al., 2001). 

8.5.2 Depth Distribution 

Benthic macroalgae contain accessory pigments that 
allow capture of different wavelengths of light and 
efficient utilization of changing lighf quantify and 
quality with depth in the water column (Fig. 8.2). Red 
algae contain accessory pigments such as phycoery- 
thrin that absorb green and blue-green wavelengths 
that penetrate deep in clear coastal waters. Crus- 
tose coralline red algae are the deepest living marine 
macroalgae, and have been found af depths of 268 m 
in fhe clear, fropical wafers of fhe Bahamas where 
irradiances were less fhan 0.001% of the surface irra- 
diance (Liining and Bring, 1979). These macroalgae 
are characterized by slow growth rates. Light atten- 
uation with depth, and the changing quality of lighf 
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The quantity and quality of photosynthetically 
active radiation (visible light) changes with depth. 
Blue and green light penetrates deepest. 




All algae have 
chlorophyll a (white line 
in top graph) 

Green algae also have 
chlorophyll b and are 
generally limited to shallow 
or very clear water 



Brown algae have auxiliary 
pigments such as 
fucoxanthins that enable 
them to proliferate at 
intermediate depths 



Red algae can survive at the 
deepest depths as auxiliary 
pigments such as 
phycoerythrin absorb the 
blue and green light 



Although auxiliary pigments enable algae to extend their ranges deeper, this does not mean that they 
are limited to those depths! Red algae, for example, can live intertidally as well as deep. In addition, 
other factors such as grazing, wave energy, and disturbance control algal depth zonation. 

Artwork by Kendal Fong 

FIGURE 8.2 Different divisions of algae have adapted to the varied light regimes that occur along depth gradients in estuaries. 



limits the potential depth distribution of macroal- 
gae, although disturbance and grazing losses also 
influence the actual depth distribution (Fig. 8.2). The 
minimum light requirements for thick macroalgae 
(~0.12% of surface irradiance) and thin macroalgae 
(<0.005%) are substantially less than those for most 
seagrasses (~10-25%, see Chapter 5), and as a result 
their depth penetration is much greater than that for 
the vascular plants (Fig. 8.3). 



As for macroalgae, the depth at which benthic 
microalgal primary production is important depends 
on the transparency of the water body. In clear 
waters, benthic microalgal NPP can be substantial at 
depths >20 m and can be sustained at a light level of 
5-10 pmol photons/ m^/s (Gaboon, 1999). At a site in 
NE Greenland, the maximum depth limit for benthic 
microalgae matched the 50 m depth limit for crustose 
coralline macroalgae, where light was 0.004% of the 



Light 




Seagrass -11%, thick macroalgae -0.12%, thin macroalgae -0.003% 

FIGURE 8.3 Comparison of minimum light requirements between macroalgae and seagrass. Depth limits are set by light 
attenuation in the water column. 
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surface irradiance during the open-water season 
(Rysgaard et al., 2001). 

8.5.3 Energy Regime 

Flow velocities around macroalgal thalli can have 
positive effects on rates of nutrient uptake and photo- 
S 5 mthesis by reducing the thickness of the boundary 
layer and increasing the exchange of gases and solutes 
across the thallus surface (Hurd, 2000; Hepburn et al., 
2007). In dense macroalgal communities, flow veloc- 
ity is reduced due to the drag imposed by the thalli 
and this increases particle deposition and decreases 
particle resuspension (Gaylord et al., 2007; Morrow 
and Carpenter, 2008). Reduced flow rates can also 
influence macroalgal growth. For example, Stew- 
art et al. (2009) showed that in dense beds of the 
giant kelp Macrocystis pyrifem, fronds on the seaward 
edge of the bed had faster elongation rates, larger 
blades, and greater carbon and nitrogen accumula- 
tion than interior fronds that were exposed to lower 
flows. Flow velocities also decrease with depth in 
the subtidal, and maximum velocities t 5 rpically occur 
at the subtidal-intertidal fringe (Denny et al., 1985). 
Biomechanical models for high energy systems (up 
to 15 m/s) can be used to calculate velocities that 
cause macroalgal thalli to break and thus predict 
survival against hydrod 5 mamic forces (Denny, 1995). 
The two most important factors determining break 
forces for macroalgae are substrate t 5 ^e and thallus 
size (Malm et al., 2003). In low energy systems, water 
speeds as low as 0.22 m/s can cause both breakage 
and "pruning" (thallus fragments left for regrowth) 
for attached algae with delicate thalli such as Ulva 
(Kennison, 2008). The macroalgal form can vary in 
response to flow regimes, with exposed areas having 
algae with flatter, narrower fronds to reduce drag 
and protected areas having wider, undulate fronds to 
increase turbulent flow and decrease boundary layer 
effects. This can reflect both morphological plasticity 
and genetic differentiation (Hurd et al., 1997; Rober- 
son and Coyer, 2004). 

The largest accumulations of macroalgae are 
found in poorly flushed systems, such as sheltered 
embayments and estuaries, with elevated nutrient 
concentrations where bloom-forming species occur 
(e.g., Ulva sp., Chaetomorpha sp., Gracilaria sp, 
Polysiphonia sp.) (Viaroli et al., 1996; Pihl et al., 1999). 
Advective transport of macroalgae, both between 
habitats within an estuary (i.e., subtidal to intertidal) 
and from the estuary to the coastal ocean, can be 
important in terms of nutrient exchange. Macroalgal 
material moves either as bedload or as floating mats 
at the water surface, depending on their specific 
gravity (which is influenced by photos 5 mthesis 



rates and invertebrates that colonize mat-forming 
macroalgae). Unattached, living macroalgae move at 
current velocities as low as 2 cm/s (Flindt et al., 2004), 
and these current velocities are common in estuaries 
where both winds and tides affect current speeds at 
the sediment surface (Lawson et al., 2007; Kennison, 
2008). Macroalgae also settle 1000 to 5000 times faster 
than phytoplankton, and hence if transported out of 
estuaries usually settle on the ocean floor rather than 
being returned on the flood tide (Flindt et al., 2004). 
Few studies include mass transport of nutrients 
bound in plant material and as a result nutrient 
retention in estuaries can be overestimated. 

Generally, benthic microalgal production is 
higher in fine sediments than in sandy sediments 
exposed to wave action (Underwood and Kromkamp, 
1999). The explanation for this finding is that fine 
sediments, with high organic matter concentration 
and rapid bacterial mineralization, contain more 
nutrients in the pore water than sandy sediments 
with less accumulation of organic matter. Moreover, 
the biomass of benthic microalgae (measured as 
chloropyll a content of the sediment) in the upper 
few millimeters of muddy sediments can be much 
higher than in sandy sediments. But the NPP can 
occasionally be as high, or even higher, in sandy 
than in muddy sediments. One reason is the higher 
availability of light, because of a thicker photic zone, 
so that photos 5 mthesis can occur deeper in sandy 
sediments than in muddy sediments. In addition, 
advective flushing can reduce nutrient limitation in 
inundated permeable sands (Billerbeck et al., 2007). 
In high energy environments, such as tidal sand flats, 
a large part of the benthic microalgal community can 
be resuspended during the tidal cycle, contributing 
to pelagic production. Up to half of the food resource 
of filter feeders can consist of resuspended benthic 
microalgae (de Jonge and Beusekom, 1992). The 
turnover of benthic microalgal biomass on sandy 
tidal flats is t 5 rpically higher than that on muddy flats 
(Middelburg et al., 2000). 

8.6 TEMPORAL PATTERNS OF 
BIOMASS AND PRODUCTIVITY 

8.6.1 Diel Cycle 

The diel cycle of benthic microalgal primary produc- 
tion is well described, and generally differs between 
tidal and subtidal sediments (Fig. 8.4; Miles and 
Sundback, 2000). On muddy tidal flats, there are large 
variations in the light climate during the day because 
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FIGURE 8.4 Diel pattern of microphytobenthic primary production (bars) on a shallow-water subtidal sandy site (Kattegat, 
microtidal west coast of Sweden) and an intertidal muddy site (Tagus estuary, Portugal). Measurements were made by the 
technique with subsequent 2-h incubations during three full days. Filled circles show irradiance measured at sediment 
surface. Because of high turbidity, no light penetrated to the sediment surface during high tide in the Tagus estuary. Source: 
Redrawn from Miles and Sundback (2000). 



of tide-induced turbidity, and photos 5 mthesis occurs 
only when the sediment is immersed during daylight. 
This pattern is strengthened by the endogenous (i.e., 
controlled by "internal clocks") vertical migration 
rhythm of particularly motile diatoms. The algae 
start to migrate down 30-60 min before the tide 
returns (Kromkamp and Forster, 2006) and emerge 
again to the surface for the low tide period (Fig. 8.1b). 
Fligh resolution techniques, such as low tempera- 
ture scanning electron microscopy and single-cell 
pulse-amplitude-modulation (PAM) chlorophyll 
fluorescence, have shown that the algal composition 
at the sediment surface changes during the photope- 
riod (Underwood et al., 2005). This vertical migration 
can be explained as a way of taking advantage 
of the favorable light conditions during low tide 
and avoiding resuspension by the tidal waves. A 
more stable habitat with higher concentrations of 
nutrients also provides more favorable conditions 
for cell growth and division deeper in the sediment 
compared to the sediment surface (Saburova and 
Polikarpov, 2003). On sandy tidal flats, the water 
column may stay clear during high tide, and primary 
production can continue when the sediment is 
submerged. In subtidal habitats and on microtidal 
coasts, the light climate is often not affected by tidal 
turbidity, and benthic photos 5 mthesis can proceed 



throughout the daylight period (Fig. 8.4), showing 
the highest production at midday. Benthic diatoms 
also migrate daily in subtidal conditions so that they 
emerge before sunrise and submerge in the evening 
(Longphuirt et al., 2006). 

8.6.2 Seasonal Cycle 

Seasonality in benthic algal growth is highest in polar 
regions and decreases toward lower latitudes. For 
perennial macroalgae in polar regions, shade adap- 
tation is one way of dealing with the dark winter 
months and the ice cover 10 months of the year. Lam- 
inarians that dominate these regions have inherently 
slow growth rates, storage of carbon reserves during 
the summer period of high productivity, a long life 
span, and a high resistance to grazing (Liining, 1990). 
Macroalgae need to maintain low respiration to min- 
imize carbon losses during the long winter months, 
high photos 5 mthetic efficiency at low light when ice 
still covers the water surface, and the ability to max- 
imize continuous light in the summer. Laminarians 
increase their blade surface area to increase light cap- 
ture and produce new thin blades before the break 
up of ice cover using stored reserves in old overwin- 
tering thalli and are poised for rapid growth as soon 
as the ice-free period begins (Chapman and Find- 
ley, 1980; Dunton, 1985). In temperate soft-bottom 
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systems, macroalgae may be present year-round, 
and different species have different thermal toler- 
ances and optimum temperatures for phofos 5 mfhesis, 
respiration, and growfh, so species composifion can 
change wifh increasing femperafure. In general, fhe 
respiration rate increases more rapidly with rising 
temperature than photos 5 mthesis rate, leading to a 
decrease in the photos 5 mthesis: respiration ratio {P/R). 

Ephemeral macroalgae go through boom and 
bust cycles in many regions, with the mid-growing 
season population crashing due to high temperatures 
and self-shading. In some areas such as soufhern 
California, floafing blooms can occur during any 
season, with the magnitude and frequency relafed 
fo land use in wafersheds and patterns of nufrienf 
inpuf (Kamer ef al., 2001; Boyle ef al., 2004). Infer- 
fidal macroalgae on rocky shores, especially in higher 
fidal zones, respond fo inferacfions among monfhly 
and seasonal changes in fhe fidal amplifude, femper- 
afure, and lighf by changing biomass (Menge and 
Branch, 2001). Seasonably is much less pronounced 
in fropical sysfems, alfhough some exceptions occur. 
Some coral reef algae show marked seasonal variation 
in sfanding stock of carbon (Lirman and Biber, 2000). 
On Panamanian reefs, algal producfivify and biomass 
accumulation is much higher during the upwelling 
season (Smith, 2005), suggesting that algal commu- 
nities are regulated by nutrients in the absence of 
upwelling. 

Seasonal variabilify in fhallus phofos 5 mfhesis is 
higher for ephemeral macroalgae than for perennial 
genera such as Cladophora and Ulva fhaf grow fasf 
and store little nufrient reserves (Sand-Jensen ef al., 
2007). Respiration rates t 5 rpically vary systematically 
over the year, and increase as temperature and irra- 
diance levels increase. For temperate species, this 
leads to higher minimum light requirements during 
summer than winter for phofos 5 mfhesis fo balance 
respiration. While there are significant changes in 
the actual production as light and temperatures vary 
with seasons, the maximum potential production (at 
saturating light) varies less (Middelboe et al., 2006). 
This is in part due to changes in species composition 
and abundance that favor species fhaf have optimal 
performance af differenf fimes of fhe year. 

Long-ferm sfudies on seasonalify of benfhic 
microalgae are rare. One of fhe longesf seasonal 
sfudies (12 years, 14 sfafions) on benfhic microalgal 
biomass and production is from a fidal flaf on fhe 
coasf of fhe Nefherlands (Cadee and Hegeman, 
1977). This sfudy shows fhaf, in femperafe areas, fhe 
biomass peaks during fhe warm season. Occasional 
dips in benfhic chlorophyll a during summer are 
explained by sfrong grazing pressure, parficularly by 



mud snails (such as Hydrobia ulvae). This seasonal paf- 
fern agrees wifh patterns found in shallow subfidal 
and microfidal areas in femperafe esfuaries, alfhough 
well-developed diafom mafs have also been found on 
fhe sedimenf surface under sea ice. Such proliferation 
of benfhic diatoms under ice can be explained by 
fhe presence of shade-foleranf species, good nufrienf 
availabilify, and low grazing pressure. In fropical 
areas, seasonal variations in benfhic microalgal 
abundance can be influenced by fhe monsoon, such 
fhaf abundance is lowesf during fhe monsoon and 
highesf during fhe posfmonsoon period (Mifbavkar 
and Anil, 2006). In polar regions, fhe lengfh of fhe 
producfive season for benfhic primary production 
is only abouf 80-90 days. During this period, the 
daily microbenthic primary production (172-387 mg 
C/m^/day) at depths <20 m has been found fo 
exceed fhaf of phyfoplankfon (Glud ef al., 2002). 

8.7 METHODS FOR 
DETERMINING PRODUCTIVITY 

For macroalgae, various mefhods are used fo esfimafe 
producfion, based eifher on shorf-ferm estimates of 
carbon assimilation /oxygen producfion or on longer- 
term growth estimates. 

1. Growth Measurements Frond-marking is a 
common technique used to estimate growth rates of 
large, attached macroalgae such as kelps. The fronds, 
or blades, are marked wifh holes at the junction 
between the stipe and the blade where the growth 
zone is located. The holes are displaced upward as 
the blade grows and the distance between the hole 
and the stipe/blade junction represents new growth 
(Krause-Jensen et al., 2007). This is similar to the leaf- 
marking technique that is commonly used to measure 
seagrass growth. Rates of elongation are fhen con- 
verted to production as mass (gram dry weight, gdw) 
or carbon using conversion rates. For unattached mats 
or rafts of macroalgae with diffuse growfh (growfh 
throughouf fhe fhallus), fhe biomass can be measured 
direcfly as wef weighf. Algae are collected from a 
known area of benfhos or volume of wafer, cleaned 
of mud and fauna, and, if desired and possible, sep- 
arafed info species. Techniques fo assure a consisfenf 
wef weight are varied, but include blotting the thalli 
dry or spinning in a salad spinner for a consisfenf 
time and rate. The change in the average biomass 
over time estimates productivity. 

2. Photosynthesis Measurements Measurements 
of nef or gross producfion as gas (O 2 or CO 2 ) exchange 
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provide shorter-term estimates of production, and 
these can be scaled spatially and temporally based on 
availability of incidenf irradiance. Changes in oxygen 
or dissolved inorganic carbon (DIG) can be mea- 
sured on individual fhalli in lighf or dark bottles 
or chambers fo esfimafe fhe NPP and respiration. 
Phofos 5 mfhesis- irradiance (P-f) curves can be con- 
sfrucfed for each species fo derive dafa on maximum 
phofosynthefic rafe (P^ax)/ efficiency of lighf uti- 
lization (a), respirafion (R), and fhe saturation and 
compensation irradiances (fg and 1^) (Chapter 4). 
These parameters can be related to light availabil- 
ity at specific wafer depfhs using an equafion (e.g., 
P = Pmax[l “ 6^p(^V^max)] + Platt et al., 1980) and 
scaled to areal rates of production. 

Since macroalgae can grow in dense accumula- 
tions, models are used to account for self-shading 
within the macroalgal communities (Brush and 
Nixon, 2003; McGlathery et al., 2001). These models 
scale production in macroalgal mats based on 
incident irradiance reaching the canopy, known 
patterns of light attenuation with depth in macroal- 
gal mats, and P-I relationships for individual 
thalli. This approach is similar to terrestrial canopy 
models. Sand-Jensen et al. (2007) have modified this 
approach further to consider variations in thallus 
light absorbance, canopy structure, and density. The 
model has been tested for single-species communities 
of the sheetlike Ulva lactuca and the leathery Fucus 
serratus and for mixed-species communities. An 
interesting result of the model is the stabilizing 
effect of species richness, whereby multiple species 
complement each other in absorbing light. 

The PAM chlorophyll a fluorescence technique is 
also used to determine relative measures of photosyn- 
thetic activity of algal species. These measurements 
typically provide a snapshot (seconds-minutes) of 
photosynthetic capacity to acclimate to light con- 
ditions. However, they do not easily translate into 
quantitative measures of photos 5 mthesis in terms of 
oxygen production or carbon fixation. The PAM tech- 
nique can be used in situ and measures the activity 
of photosystem II, giving an estimate of the electron 
transport rate (ETR). Although there is a fairly good 
linearity between ETR, oxygen production, and ’^^C 
incorporation, this relationship can become nonlinear 
at high irradiances. Eor a review on this technique see 
Kromkamp and Eorster, (2006). 

Eor benthic microalgae, the best methods for pri- 
mary production measurements are those that do not 
disturb the natural physical, chemical, and biological 
microgradients in the sediment. There are four prin- 
cipal methods that are used for primary production 



measurements in sediments. All these techniques 
have their limitations, and primary production rates 
determined by the different methods can be slightly 
different because they measure different aspects of 
photos 5 mthesis. 

1. Sediment-Water O 2 or CO 2 Exchange Oxygen 
flux is measured as changes in the concentration 
of oxygen in well-mixed overlying water in benthic 
chambers or sediment cores. The advantage of this 
method is that the measurements integrate over a 
sediment area and that measurements both in the 
light and dark give three ecologically relevant rates: 
net primary production (NPP), community respira- 
tion (CR), and gross primary production (GPP). Eield 
measurements of benthic primary production on tidal 
flats during immersion are possible by measuring 
CO 2 fluxes in benthic chambers (Migne et al., 2004). 
Disadvantages are that cores and chambers do not 
replicate natural hydrod 5 mamic and light conditions 
and may underestimate the flux. 

2. Uptake of Radioactively Labeled Carbon 
(^‘^C-Bicarbonate) This is a suitable technique for 
tracking the fate of carbon in food webs. In sandy 
sediments, ^^C can be percolated a few millimeters 
into the photic zone of the sediment (Jonsson, 1991). 
In muddy sediments, percolation does not usually 
work, and the technique relies on diffusion of the 
label into the sediments, which results in underes- 
timation of primary production. Slurry incubations 
disrupt the microgradients in the sediment, but 
are suitable in experiments where the maximum 
potential primary production is used as a variable. 
The stable isotope ^^C also can be used for tracking 
carbon through the food webs (Middelburg et al., 
2000 ). 

3. Oxygen Microsensors (with a Tip of Only a 
Few Microns) and Planar Optodes These are used 
for high-resolution nondestructive measurements of 
oxygen microgradients in the sediment, from which 
primary production can be calculated by modeling 
(Pig. 8.5). The dark-light shift microelectrode tech- 
nique can also be used to measure oxygen production 
(Revsbech et al., 1981). The classic oxygen microsen- 
sor is the oxygen electrode with a guard cathode 
(Revsbech, 1989), but there are also oxygen optodes 
that are based on fiber optics (Glud, 2006). The use 
of microsensors has contributed greatly to our under- 
standing of the temporal and spatial variations among 
the processes operating in the top few millimeters of 
the sediment. Planar optodes make it possible to get 
a two-dimensional picture of the O 2 distribution and 
dynamics at a given area over many days (Pig. 8.5; 
Glud, 2006). Such measurements have provided new 
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FIGURE 8.5 Influence of microphytobenthos on oxygen distribution in surface sediment, (a) Oxygen profiles in light and 
dark measured by oxygen microelectrodes. Also shown is a vertical profile of modeled rates of primary production (bars), 
(b) and (c) Oxygen distribution in light and dark in bioturbated sandy silt measured by planar oxygen optodes (Section 8.7). 
The bright red spot indicates the high rate of phofosynthetic oxygen production in light by an assemblage of benthic diatoms 
just below the sediment surface. Source: (a) Redrawn from Glud et al. (2009) and (b) redrawn from Fenchel and Glud (2000). 



insights into oxygen dynamics around rhizopheres, 
faunal structures, structures in permeable sands, and 
within phototrophic communities. 

4. PAM Chlorophyll a Fluorescence The fluores- 
cence technique can be used to estimate photos 5 m- 
thesis in the sediment microalgal community and 
also to measure photosynthetic activity of individ- 
ual cells using a modified fluorescence microscope 
(Underwood et al., 2005) 

Finally, for all t 5 rpes of benthic producers, there 
is a new in situ method based on the eddy correlation 
flux technique that is commonly used to measure 
oxygen exchange across the land-air interface in 
terrestrial and intertidal ecosystems. This technique 
has been adapted to subtidal conditions and has the 
advantage that it measures community metabolism 
under natural hydrodynamic and light conditions, 
can capture short-term (minutes) variation in produc- 
tion/respiration, and integrates over a much larger 
area (>100 m^) than conventional techniques (<1 m^) 
(Berg et al., 2003, 2007). 



8.8 FACTORS REGULATING 
PRODUCTIVITY AND 
COMMUNITY COMPOSITION 

The mechanisms that control the net production of 
benthic algae in estuarine ecosystems are the same 
as those for other primary producers: geographic 
limits for growth are set by temperature and light. 
Within the geographical limits, biomass accumula- 
tion is controlled by many interacting biotic and 
abiotic factors including light quantity and qual- 
ity, nutrient availability, water motion, temperature, 
intra- and interspecific competition, grazing, and 
physical disturbance. Here we discuss light, nutri- 
ents, and grazing; additional factors are included in 
other sections. 

8.8.1 Light 

Similar to all primary producers, benthic macro- 
and microalgae use visible light in the 400-700 nm 
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spectrum, which is termed photosynthetically active 
radiation (PAR). Accessory pigments in benthic algae 
allow certain groups to capture wavelengths that 
would otherwise be inaccessible by chlorophyll a 
alone (Fig. 8.2). Light is attenuated exponentially 
with depth in the water column following the 
Beer-Lambert law, where is the irradi- 

ance at depth z,Iq is the surface irradiance, and 
is fhe affenuafion coefficienf for diffuse downwelling 
irradiance. This is described in defail in Chapfer 
4. The surface irradiance reaching fhe benfhos af 
a given depfh is influenced by properfies of fhe 
wafer fhaf affecf fhe affenuafion coefficienf, including 
suspended sedimenf, organic (e.g., phyfoplankfon) 
and defrifal parficles, and colored organic matter 
(CDOM). 

Lighf is affenuafed rapidly wifhin dense macroal- 
gal communities. For fhe bloom-forming species 
Cladophora prolifera and Chaeomorpha linum, 90% of 
fhe available irradiance hitting fhe surface of fhe 
maf can be absorbed in fhe fop few cenfimefers 
(Krause-Jensen ef al., 1996). The exfenf of fhis 
lighf affenuafion will depend on fhe fhallus form 
(canopy sfrucfure) and densify of fhe algae, fhe 
absorbance of fhe algae, and species composifion. 
Complemenfarify of lighf use befween differenf 
algal species in mixed-species communities often 
means fhaf fhe fofal communify production is higher 
for a given irradiance level fhan for single-species 
communities (Middelboe and Binzer, 2004). Benfhic 
macroalgae can acclimafe rapidly (wifhin minufes) fo 
changing lighf conditions. This can be an adapfafion 
for optimizing production in a shorf growing season 
(Borum ef al., 2002) or fo a variable lighf climafe 
due fo shorf-ferm changes in incidenf irradiance 
(e.g., cloud cover) or wafer column lighf affenuafion 
(e.g., wind/ wave induced sedimenf resuspension). 
A general adapfafion fo reduced lighf levels is an 
increase in pigmenf confenf and lighf ufilizafion 
efficiency. This resulfs in reduced compensafion 
and safurafion irradiances (fc./4) phofos 5 mfhesis. 
These characferisfics allow macroalgae fo more effec- 
tively phofos 5 mfhesize af low lighf levels. Flowever, 
fhe production and mainfenance of higher pigmenf 
confenf and enzyme activities increase respiratory 
cosfs in low lighf planfs. Af high irradiance levels, 
pigmenf concenfrafions are fypically lower, compen- 
safion and safurafion irradiances are higher, and 
maximum phofos 5 mfhesis is high. Phofoinhibifion 
may occur af high irradiances or under high UV 
sfress, and fhe damage fo fhe phofosysfem fhaf 
causes fhis inhibifion is nof necessarily reversible 
(Chapfer 4). 



Benfhic microalgae also function in a wide range 
of lighf climates and are able fo adapf fo widely 
flucfuafing lighf condifions. Diatoms can opfimize 
fheir phofosynfhefic apparafus efficienfly fo currenf 
lighf condifions (wifhin minufes) (Glud ef al., 2002). 
Moreover, as epipelic life forms are able fo migrafe 
vertically in fhe sedimenf, fhey can posifion fhem- 
selves in favorable lighf condifions. In fhis way, phys- 
iological phofoinhibifion is avoided af high ambienf 
lighf levels. Because of back-scattering effecfs, fhe 
lighf intensify af fhe sedimenf surface can be up fo 
200% higher fhan fhe ambienf lighf above fhe sedi- 
menf (Kuhl ef al., 1994). While fhe phofic zone in fhe 
wafer column is generally measured in mefers, fhe 
phofic zone in shallow-wafer sedimenfs is measured 
in micro- and millimefers. Fiber-optic microsensors 
enable high resolution measuremenfs of fhe lighf 
quanfify and qualify in microbial mafs and surface 
sedimenfs (Kiihl ef al., 1994). Lighf penefrafes deepesf 
in sandy sedimenfs (~3 mm), while in fine sedimenfs 
fhe phofic zone is less fhan 1 mm. The lighf climafe 
in fhe sedimenf also differs from fhaf in fhe wafer 
column in fhaf red lighf penefrafes deepesf in sedi- 
menfs. The verfical change in fhe lighf quanfify and 
specfrum often resulfs in sfrafified microbial mafs 
consisfing of layers of organisms wifh differenf opfi- 
mal lighf requiremenfs (e.g., a sequence of diafoms 
on fhe fop, followed by cyanobacteria, and fhen by 
phofos 5 mfhefic purple sulphur bacferia, which prefer 
anaerobic condifions). Live microalgae can be found 
far below fhe phofic zone in fhe sedimenf. Episammic 
diafoms on sand grains can be mixed down fo 10 cm 
depfh in wave-exposed sedimenfs. They survive long 
periods (weeks, monfhs) of darkness, and rapidly 
resume phofos 5 mfhesis when fransporfed up fo fhe 
phofic zone by mixing of fhe sedimenf. 

8.8.2 Nutrients 

8.8.2. 1 Sources 

Benfhic algae obfain nufrienfs from bofh fhe sed- 
imenfs and fhe wafer column and fhe source of 
nufrienfs are from bofh external (allochfhonous) and 
recycled (aufochfhonous) sources. Sources of "new" 
or allochfhonous nufrienfs include ferresfrial inpufs 
via rivers from coasfal watersheds, nifrogen fixation, 
groundwater, afmospheric deposifion, and upwelling 
(Nixon, 1995; Smifh ef al., 1996; Whifall and Paerl, 
2001). Wifh fhe possible exception of upwelling and 
N-fixafion, all of fhese sources are rapidly increas- 
ing as a resulf of anfhropogenic alferafions of global 
nufrienf cycles (for a review, see Vifousek ef al., 1997). 
Aufochfhonous sources of nufrienfs include recycling 
from ofher biofa and regeneration from fhe sedimenfs 
during decomposition. 
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8.8.2.2 Uptake and Storage 

The relationship between the nutrient concen- 
tration in the water and the rate at which nutrients 
are taken up by benthic macro- and microalgae 
can be described by a h 5 rperbolic function. The 
Michaelis-Menten equation for enzyme upfake 
kinetics is offen used fo describe fhis function, and 
fhis is also described in defail for phyfoplankfon in 
Chapfer 4. The Michaelis-Menfen equafion describes 
upfake as follows: V = Vjnax*[S/(J^ -l- S)], where V 
is fhe upfake rafe af a given subsfrafe (nufrienf) 
concenfrafion, S is fhe subsfrafe concenfrafion, K 
is fhe half-safurafion concenfrafion — where upfake 
is equal fo V 2 of tho maximum upfake rafe, and 
Vmax is ff*o maximum upfake rafe af high subsfrafe 
concenfrafion. From a biological perspective, fhere 
are fwo imporfanf componenfs of fhis relafionship: 
(i) nufrienf upfake rafes become safurafed as nufrienf 
concenfrafion increases and (ii) fhe initial slope of 
fhe curve af low concenfrafions provides a useful 
index of an alga's affinify for nufrienfs af low 
levels. This latter characferisfic may be imporfanf in 
defermining fhe compefifive abilities of algae when 
nufrienfs are in critically low supply. The rafe 
varies depending on fhe nufrienf sfafus of fhe planf. 
Algae fhaf have lower nifrogen confenfs in more 
nifrogen-limifing environmenfs would be expecfed 
fo have higher maximum nufrienf upfake rafes. 

For macroalgae, upfake rafes are higher for 
fhin-sfrucfured sheeflike or filamentous fhalli fhaf 



have a high surface area fo volume ratio fhan 
for more coarsely branched species (Fig. 8.6, Wal- 
lenfinus, 1984). In addition, some nifrogen-sfarved 
ephemeral macroalgae have fhe capacify for very 
rapid ("surge") upfake during fhe firsf minufes of 
exposure fo nufrienfs, which resulfs in a fhree-phase 
paffern of nufrienf upfake as a function of exfemal 
supply (Pedersen, 1994). The capacify for surge 
upfake is assumed fo be advanfageous for ephemeral 
algae subjecf fo shorf-ferm nufrienf pulses fhaf 
mighf resulf from animal excretion or temporarily 
high mineralizafion rafes. For macroalgae, fhere 
are fwo primary ways fo measure nufrienf upfake: 
(i) fhe "multiple flask" mefhod, where differenf 
subsfrafe concenfrafions are added fo individual 
flasks confaining macroalgae, fhe disappearance 
of subsfrafe is measured over a shorf (15-min) 
incubation, and fhen fhe dafa are pooled fo obfain 
an upfake versus concenfrafion curve; and (ii) fhe 
"perfurbafion" mefhod, where fhalli are exposed fo 
a high concenfrafion of subsfrafe and a time series of 
subsfrafe concenfrafion is measured (Pedersen, 1994). 

Bofh macro- and microalgae can sfore nufrienfs, 
and fheir capacify fo do fhis varies depending on 
fheir inherenf growfh rafes and fhe frequency and 
magnifude of nufrienf pulses. The general paffern 
fhaf emerges is fhaf fasf-growing ephemeral macroal- 
gae such as Ulva and Chaetomorpha sfore little reserves 
compared fo slow-growing perennial species such as 
Fucus, which has reserves fhaf can supporf growfh for 
longer periods of time. This influences fhe duration 




FIGURE 8.6 Maximum uptake rates of NH^-N versus concentration for macroalgae with different ratios of surface area to 
volume. Source: From Wallentinus (1984). 
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of nutrient limitation that often occurs in temperate 
regions in response to a seasonal (summer) deple- 
tion of nutrients. For example, Pedersen and Borum 
(1996) showed that while different algal species, from 
phytoplankton to slow-growing perennial macroal- 
gae, had similar storage reserves (mg N/gdw), the 
storage capacity, that is, the ability to support growth 
in the absence of an external nutrient supply, varied 
from less than 1 day for phytoplankton to greater 
than 15 days for perennial macroalgae (Fig. 8.7). On 
shorter time scales (hours -days), macroalgae have 
rapid, but transient, responses to variability in N 
availability, with uptake rates influenced by chang- 
ing tissue N pools (McGlathery et al., 1996). Also, the 
coupling of C metabolism (photos 5 mthesis and stor- 
age) and N metabolism over the short term implies 
that algal growth rate acts as a feedback regulator 
to maintain balanced C-N metabolism, except under 
extreme conditions of high irradiance and low N sup- 
ply. Such self-regulation may be especially beneficial 




FIGURE 8.7 Periods of nutrient-limited growth (a) and stor- 
age capacity (ability to support growth in the absence of 
an external nutrient supply) (b) for phytoplankton and 
macroalgae in a Danish Fjord compared to ambient nutrient 
concentrations. Source: From Pedersen and Borum (1996). 



to algae growing in estuarine environments that are 
characterized by high spatial and temporal variability 
in nutrient and light availability (McGlathery and 
Pedersen, 1999). 

8.8.2.3 Limitation of Growth 

In most temperate and polar estuaries, nitrogen 
is considered to be the primary limiting nutrient 
for growth, in part due to high rates of denitrifi- 
cation relative to nitrogen fixation. For macroalgae 
in tropical /subtropical systems dominated by car- 
bonate sediments, phosphorus often limits growth, 
largely due to the binding of phosphorus by the 
carbonate sands. There are exceptions to this general- 
ization that are related to the ratio of N:P in external 
loading, variations in the relative rates of nitrogen fix- 
ation and denitrification, and the adsorption capacity 
of carbonate sediments in different systems. Large 
data sets on G:N:P ratios of marine plants indicate 
that macrophytes (macroalgae and seagrasses) have 
different characteristic atomic ratios of tissue nutri- 
ents than phytoplankton. Atkinson and Smith (1983) 
examined marine plants and found a ratio of 550:30:1 
for benthic marine plants, and Duarte (1992) showed 
that the ratio for 46 macroalgal species was 800:49:1. 
These ratios compare to the "Redfield Ratio" of phy- 
toplankton of 106:16:1 (Chapter 4), and suggest that 
macroalgae have a higher nitrogen demand. As with 
phytoplankton, these ratios are often used to infer 
nutrient availability and possible nutrient (N vs P) 
limitation. 

Increases in nutrient supplies that relieve nutrient 
limitation in subtidal soft-sediment habitats result in 
enhanced macroalgal production and potentially in 
the loss of seagrasses, which tend to dominate under 
low nutrient conditions (see Chapter 5 and Duarte, 
1995; Valiela et al., 1997; McGlathery et al., 2007). 
In salt marshes, water column nutrients sequestered 
by understory macroalgae are retained within the 
salt marsh community, and become available to sup- 
port vascular plant growth when macroalgae senesce 
(Boyer and Fong, 2005). Transitions from macroalgae 
to toxic cyanobacterial mats occur in estuaries on the 
West Coast of the United States (Armitage and Fong, 
2004), perhaps due to higher tidal amplitudes, lower 
residence times, and broad areas of intertidal mud- 
flats (large areas of suitable habitat). Nutrient-driven 
community shifts also occur in rocky intertidal areas 
(Worm et al., 2002; Worm and Lotze, 2006). In these 
studies, experimental nutrient enrichment increased 
macroalgal abundance, and grazing by consumers 
moderated that response. Flowever, macroalgae in 
areas with low ambient nutrients responded to enrich- 
ment with increased thallus complexity and diversity. 
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while macroalgae in more enriched areas responded 
with decreases in diversity due to a shift in dominance 
to opportunists. 

For coral reefs, fhere is considerable debafe abouf 
whefher algae are limifed by nufrienfs. Effecfs of 
experimenfal nufrienf addifions have varied from no 
effecfs (Delgado ef al., 1996; Larkum and Koop, 1997; 
Koop ef al., 2001) fo orders of magnifude differences 
in effecfs on phofos 5 mfhesis, growfh, and biomass 
accumulation (Lapoinfe and O'Connell, 1989). Infer- 
prefafion of experimenfal resulfs is limifed, in parf, 
by fhe difficulfy of relating resulfs of laboratory or 
microcosm sfudies fo nafural growfh in fhe high 
energy, high flow environmenfs wifh variable nufri- 
enf supply f 5 ^ical of coral reefs (Fong ef al., 2006), 
and by fhe related mefhodological challenge of effec- 
fively conducfing in situ experimenfs in fhese same 
environmenfs (reviewed in McCook, 1999). 

If was once generally assumed fhaf benfhic 
microalgae are nof likely fo be limifed by nufrienfs 
in fhe same manner as phofofrophic organisms in 
fhe wafer column. This is often fhe case for fine sed- 
imenfs, buf in sandy sedimenfs, benfhic microalgae 
can be nufrienf limifed (Nilsson ef al., 1991). For shorf 
periods, however, nufrienf limifafion can also occur 
in fine, cohesive sedimenfs during, for example, fidal 
emersion (Thornfon ef al., 1999). Sfudies on nufrienf 
fluxes in well-sorted permeable sandy sedimenfs 
exposed fo wave action have, on fhe ofher hand, 
parfly changed our view on fhe nufrienf limifafion in 
sandy sedimenfs. In permeable sedimenfs, nufrienf 
availabilify can be enhanced by efficienf advecfive 
fransporf, resulfrng in high microbenfhic primary 
producfion (Billerbeck ef al., 2007). 

8.8.3 Grazing 

Preferenfial feeding by herbivores can influence fhe 
abundance and species composition of macroalgae. 
Many sfudies show an association between high 
nufrienf confenf of primary producers and high con- 
sumption rates; however, ofher facfors such as her- 
bivore abundance, per capifa grazing rates of fhe 
dominanf herbivores, and feeding preferences also 
play imporfanf roles in determining patterns of her- 
bivory (Cebrian, 1999, 2002). 

Herbivory has been shown fo confrol algal 
biomass accumulation wifh community-level effects. 
For example, grazers such as amphipods and gas- 
tropods can control the abundance of algal epiphytes 
on seagrasses and hard subsfrafes, and can mediafe 
fhe negafive shading effecfs of epiphyfes in response 
fo nufrienf loading (Williams and Ruckelshaus, 1993; 
Flillebrand ef al., 2000). Likewise, grazers can medi- 
afe fhe impacf of macroalgal blooms in eufrophic 



environmenfs (Worm ef al., 2000). On coral reefs, 
af low fo infermediafe nufrienf supplies, herbivores 
can confrol macroalgal abundance and mainfain fhe 
compefifive dominance of slower-growing commu- 
nify f)^es (Flughes ef al., 2003; Pandolfi ef al., 2003). 
Rapid growfh wifh nufrienf enrichmenf allows algae 
fo escape confrol by herbivores and also biomass 
fo accumulate, which ultimately leads fo a phase 
shift. Chemical and sfrucfural defenses also provide 
a refuge from confrol by herbivores, allowing algal 
biomass fo accumulate even in heavily grazed areas. 
In soft-sedimenf communifies, enhanced algal growfh 
from high nufrienf loading can safurafe fhe grazing 
pofenfial and decrease per capifa consumption rates; 
grazer abundance can be impacfed negatively by 
fhe change in physicochemical conditions (i.e., low 
oxygen, high sulfide and NH 4 ^) fhaf resulf from fhe 
decomposition of algal blooms (Hauxwell ef al., 1998). 

Microbenfhic primary producfion can enfer 
fhe food web fhrough several pafhways, including 
fhrough grazers, defrifus, or dissolved organic 
carbon (DOC). Field sfudies show fhaf a large 
fraction of benfhic microalgal biomass can pass 
fhrough macrograzers (>1 mm), parficularly mud 
snails (Hydrobia) (Asmus and Asmus, 1985; Andresen 
and Krisfensen, 2002). In addition, some microphy- 
fobenfhic producfion can pass fhrough fhe "small 
food chain" consisfing of microfauna (unicellular 
fauna such as ciliafes) and meiofauna (<100 pm) 
(Fenchel, 1968; Kuipers ef al., 1981; Pinckney ef al., 
2003). Meiofauna have been esfimafed fo occasionally 
graze up fo 100% or more of fhe benfhic microalgal 
sfanding stock, alfhough benfhic primary producfion 
is generally sufticienf fo supply food resources for 
meiofaunal grazers (Pinckney ef al., 2003). 



8.9 ENERGY FLOW 



The amounf of energy sequestered in primary 
producers and fhe proporfion flowing fhrough algal- 
dominafed benfhic esfuarine communifies varies 
among soft sedimenf, coral reef, and rocky inferfidal 
and subfidal ecosystems (Fig. 8.8). In all sysfems, fhe 
amounf of energy fhaf is fixed info algal biomass and 
made available fo higher frophic levels is dependenf 
on resources, usually lighf and nufrienfs. Overall, 
sysfems more closely associafed wifh ferresfrial 
environmenfs, and fhose fhaf experience resfricfed 
wafer exchange, such as fhose composed of soft 
sedimenfs, are assumed fo be subjecf fo and affecfed 
fhe mosf by increasing exfernal nufrienf supplies. 
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FIGURE 8.8 Energy flow diagrams for different macroalgal communities. The size of the arrow represents the magnitude of 
flow in the different pathways. 



8.9.1 Recycling of Nutrients 

Across estuarine systems, recycling of nutrients from 
sediments and biota is most likely greatest in soft 
sediment and coral reefs and least in rocky inter- 
tidal and subtidal systems. In soft-sediment estuaries 
and lagoons, fluxes of nutrients regenerated from 
sediments are an important source of recycled nutri- 
ents (McGlathery et al., 1997; Fong and Zedler, 2000; 
Tyler et al., 2003). In some seasons, fluxes meet up to 
100% of macroalgal nutrient demand (Sundback et al., 
2003). Interception of nutrients by macroalgae may 
reduce supplies to other producer groups and change 
the path and rate of carbon flow. Macroalgal com- 
munities may also be sustained by nutrient release 
from senescent or self-shaded thalli, or by recycling 
of nutrients from nearby vascular plant communities 
such as seagrass beds (for a review, see McGlathery 



et al., 2007). In coral reef ecosystems, recycling from 
sediments is only likely to be significant in enriched 
systems (Stimpson and Lamed, 2000). Other recycled 
sources in coral reefs include flocculent material set- 
tling on the surfaces of algal thalli (Schaffelke, 1999) 
and animals that release nitrogenous waste prod- 
ucts (Williams and Carpenter, 1988). Release of waste 
products from closely associated animals is also a 
recycled source of nutrients in intertidal and subtidal 
systems (Hurd et al., 1994; Bracken, 2004). 

8.9.2 Carbon Storage 

The capacity of ecosystems to store energy, repre- 
sented by the amount of carbon in the biomass of 
producers and consumers, varies across estuarine 
ecosystems. An example is the tremendous differ- 
ence in producer biomass between coral reef algae 
(0.03-0.6 kg wet weight/m^ based on a wet:dry 
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weight ratio of 10:1, Foster, 1987) and rocky subtidal 
reefs (3.5 kg wet weight/m^, Manley and Dastoor, 
1987). Although both are highly productive in terms 
of gross primary productivify, they occupy different 
ends of a spectrum in terms of biomass accumulation 
and therefore carbon storage. In general, opporfunis- 
fic species wifh simple fhallus forms such as those that 
dominate coral reef furfs have low levels of biomass; 
therefore, they can store little carbon despite hav- 
ing relatively rapid growth rates. The low biomass 
is due to short life spans, suscepfibilify to removal 
and export by physical disturbance, and high rates 
of grazing by herbivores. In confrast, more com- 
plex macroalgae fhaf dominate rocky subtidal and 
intertidal areas often have high standing stocks of 
carbon. This is due to the longevity of individual 
thalli, invesfmenf in strucfure to withstand physical 
disturbances, and lower rates of carbon fransfer fo 
herbivores due to protection by chemical and phys- 
ical defenses. One exception fo this generalization 
is opportunistic macroalgae in shallow soft-sediment 
estuaries that go through periods of boom and busf 
and cycle carbon quickly. 

8.9.3 Herbivory 

The amounf of energy that is transferred from 
macroalgae through consumption can vary by orders 
of magnifude across estuary t 5 q?es. On a global 
scale, direct consumption by grazers was estimated 
to be 33.6% of the net carbon fixed by macroalgae, 
demonstrating their general importance as the base 
of food webs in coasfal ecosystems (Duarte and 
Cebrian, 1996). Herbivory on coral reefs is extremely 
high, with large herbivorous fishes and invertebrates 
acting as "lawn mowers" that keep algal standing 
stocks very low and carbon transfer very high (for 
a review see McCook, 1999; Jackson ef al., 2001). 
In rocky subtidal habitats, grazing is important in 
maintaining diversity, but cannot always overcome 
the effects of increased resources (Worm and Lotze, 
2006). Wifhin soff-sediment systems, rafes of primary 
consumption can vary greatly (Fong et al., 1997; 
Giarmotti and McGlathery, 2001), and consumption 
of benthic microalgae can be very important (Asmus 
and Asmus, 1985; Armitage and Fong, 2004). 

Benthic microalgal production forms fhe basis for 
fhe benfhic food webs in sedimenfs where macro- 
scopic primary producers are lacking. The main pafh- 
way of this fixed carbon info fhe food web is generally 
considered to be through macrofaunal and meiofau- 
nal grazers (Duarte and Cebrian, 1996), although the 
detrital pathway is also important. The microbial film 
(epilithon) on rocky surfaces is an imporfanf compo- 
nenf in fhe cycling of carbon, parficularly on exposed 



and moderately exposed shores wifh large numbers of 
limpets and other grazers (Hawkins and Jones, 1992). 

8.9.4 Detrital Pathway 

Death and subsequent decomposition of macroal- 
gal defrifus resulfs in fhe release and recycling of 
stored carbon. Processing of carbon through detrital 
pathways comprises about a third of macroalgal nef 
primary producfivify globally (Duarte and Cebrian, 
1996). However, like grazing, fhe relative importance 
of recycling varies across habitafs. For example, high 
energy rocky areas recycle much less carbon from 
defritus wifhin fhe sysfem compared fo lagoons, while 
the estimates for recycling wifhin coral reef algae are 
very high (Duarte and Cebrian, 1996). When algae 
decompose, they release organic carbon to the water 
and, in soft sediments systems, to the sediments (for 
a review see McGlafhery ef al., 2007). The detrital 
pathway is also important for benfhic microalgae 
production (Admiraal, 1984). As much as 70% of the 
NPP by benthic microalgae on a tidal flat was found 
to enter the food web as detritus (particulate organic 
carbon, POC), and was further transferred to bacteria 
and detritus-feeding fauna (Baird et al., 2004). 

8.9.5 Dissolved Organic Carbon 

Substantial DOC also "leaks" from healthy macroal- 
gal thalli (Tyler et al., 2003; Fong et al., 2003). 
Some organic compounds in the water can be 
taken up directly by consumers and may alter 
food webs toward heterotrophic bacteria pathways 
(Valiela et al., 1997). A large portion (>50%) of 
fhe phofos 5 mfhetic producf of benfhic microalgae 
can also be released as DOC, parficularly under 
tow nufrienf conditions. This DOC enters food 
webs rapidly through bacteria (Middelburg et al., 
2000), forming the benthic equivalent of the pelagial 
microbial loop. About 40% to 75% of the carbon 
fixed by motile benthic diatoms can be released as 
colloidal organic matter or EPS (Goto et al., 1999; 
Smith and Underwood, 2000) and rapidly transferred 
to sediment bacteria. 

8.9.6 Export of Carbon 

The rate of carbon exporfed from benfhic estuarine 
communities varies tremendously across ecosystem 
t 5 rpes and is a function of sfanding sfock, water 
motion, and algal morphology. Duarte and Cebrian 
(1996) have calculated that a global average of 43.5% 
of macroalgal NPP is exporfed; however, fhe range 
is perhaps the more important metric, varying from 
approximately 0-85% across macroalgal-dominafed 
habitafs. Rocky subfidal systems exporf a far larger 
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amount of carbon than coral reefs despite vigorous 
wave action in both systems due to the larger stand- 
ing stock. In contrast, pristine soft sediment lagoonal 
systems export less carbon than rocky systems as 
there is both less physical disturbance and lower 
water exchange to detach and remove biomass. Thus, 
seagrasses in lagoons represent a large and relatively 
stable reservoir of carbon. In contrast, in eutrophic 
systems there is often accumulation of large float- 
ing algal rafts, resulting in faster turnover and more 
rapid export of carbon to the ocean (Flindt et al., 
1997; Salomonsen et al., 1999). In sediments exposed 
to strong tidal or wave action, benthic microalgae are 
easily resuspended together with sediment particles 
and hence can be transported away (Admiraal, 1984). 
A large study in the Ems-Dollart Estuary (North Sea 
coast) showed that, on an armual basis, 14-25% of the 
microphytobenthic carbon was found in the water 
column as a result of resuspension (de Jonge and 
Beusekom, 1995). 

8.10 FEEDBACKS 
AND INTERACTIONS 



8.10.1 Feedbacks on Biogeochemical 
Cycling in Soft-Sediment Estuaries 

Both macro- and microalgal mats have a large impact 
on the biogeochemical cycling in shallow-water habi- 
tats. This effect can be both direct, through nutri- 
ent assimilation, retention, and release, and indi- 
rect through oxygen production and consumption, 
affecting mineralization and other redox-sensitive 
processes. Despite large differences in biomass, the 
quantitative role of macroalgal and microalgal mats 
on biogeochemical processes (for example, nitrogen 
assimilation) can be similar, making the turnover 
time of algae-bound nutrients a key factor in nutrient 
retention in shallow systems (McGlathery et al., 2004). 
Nutrients that are assimilated by benthic algae are, 
for the most part, only temporarily retained within 
individual algal thalli on a time scale of days to 
months. Tissue turnover times vary for the different 
autotrophs, with seagrasses having a longer retention 
time (weeks -months) than bloom-forming macroal- 
gae (days-weeks) and microalgae (days). This sug- 
gests that nutrients will be recycled faster in systems 
dominated by microalgae and ephemeral macroalgae 
than in those dominated by perermial macrophytes 
(Duarte, 1995). 

Both t 5 rpes of benthic algal mats strongly 
influence the degree of benthic-pelagic coupling by 
reducing the flux of remineralized nutrients from the 



sediment pore water to the overlying water column 
(Sundback et al., 1991; Eong and Zedler, 2000; Ander- 
son et al., 2003; Tyler et al., 2003; see also Section 
8.10.5). Benthic algae can outcompete phytoplankton 
for nutrients if the major nutrient supply is internal 
flux from the sediments. Therefore, in shallow coastal 
systems, short-lived phytoplankton blooms often 
coincide with low benthic algal biomass (Sfriso et al., 
1992; Valiela et al., 1992; McGlathery et al., 2001). The 
influence of benthic microalgae on sediment-water 
nutrient fluxes is often observed as lower fluxes — or 
no flux at all — out of the sediment in light when 
compared with that in the dark (Sundback et al., 1991; 
Sundback and McGlathery, 2005). When sediment 
nutrient sources are insufficient to meet the growth 
demand of benthic microalgae, there is a downward 
flux from the water to the sediment, such that the 
sediment functions as a temporary nutrient sink 
instead of a nutrient source. This applies particu- 
larly to autotrophic sediments (oxygen production 
exceeds oxygen consumption, Engelsen et al., 2008). 
Also, dissolved organic nutrients, such as dissolved 
nitrogen (DON), are influenced by both benthic 
micro- and macroalgae (Tyler et al., 2003; Veuger and 
Middelburg, 2007). 

Benthic algal mats influence the vertical profiles 
of oxygen and this affects biogeochemical cycling. 
The presence of dense macroalgal mats can move the 
location of the oxic- anoxic interface up from the sed- 
iments into the mat since only the upper few centime- 
ters of the mat are in the photic zone where oxygen 
is produced by photos 5 mthesis (Krause-Jensen et al., 
1996; Astill and Lavery, 2001). Below the photic zone, 
decomposing macroalgae release nutrients that can 
diffuse upward to support production. Unattached 
macroalgal mats tend to be patchy and unstable, but 
oxygen and nutrient gradients develop quickly, in as 
little as 24 h, suggesting that this filtering function 
occurs even in d 5 mamic environments (Astill and 
Lavery, 2001). Overall, sediment nutrient cycling is 
enhanced by the presence of macroalgae, presumably 
due to the input of organic matter and faster decom- 
position (Trimmer et al., 2000; Tyler et al., 2003). In 
the surface layer of the sediment, dynamic oxygen 
gradients created by benthic microalgal activity also 
control the rate and vertical position of the sequence 
of redox-sensitive processes in the sediment, such 
as nitrification, denitrification, sulfate, iron and man- 
ganese reduction, and methane production. 

Benthic micro- and macroalgae have an important 
influence on rates of denitrification and nitrification. 
Rates tend to be low in sediments underlying macroal- 
gal mats, likely due to algal competition with bacteria 
for NEI 4 + and N 03 ^. In addition, high free sulfide 
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concentrations in organic-rich sediments underlying 
macroalgal accumulations may inhibit nitrification 
(Trimmer et al., 2000; Dalsgaard, 2003). In dense 
macroalgal mats, the zone of denifrificafion may be 
moved up from fhe sedimenfs info fhe oxic- anoxic 
inferface of fhe maf (Krause-Jensen ef al., 1999). The 
combined use of oxygen and nifrogen microsensors 
has shown fhaf benfhic microalgae can bofh reduce 
and enhance denifrificafion. During phofos 5 mfhesis, 
fhe oxygenafed sedimenf layer gefs deeper, and if 
fakes longer for fhe N 03 ^ fo diffuse from fhe wafer 
column fo fhe denifrificafion zone of fhe sedimenf, 
reducing fhe rafe of denifrificafion. Under low nifro- 
gen conditions, benfhic microalgae will also compefe 
wifh nifrifying bacferia for NH 4 ^, reducing fhe avail- 
abilify of subsfrafe (N 03 ^) for fhe denifrifiers. Such 
an effecf by benfhic microalgae can still occur down 
fo a wafer depfh of 15 m (Sundback ef al., 2004). When 
ambienf N concenfrafions are high, oxygen produc- 
fion will insfead sfimulafe nifrificafion (an aerobic 
process), and fhereby also sfimulafe nifrificafion- 
coupled denifrificafion (Risgaard-Pefersen, 2003). The 
alfernafive pafhway of bacferial nifrogen removal, 
anaerobic ammonium oxidation (anammox), is neg- 
afively affecfed by fhe presence of acfive benfhic 
microalgae (Risgaard-Pefersen ef al., 2004). 

8.10.2 Feedbacks on Sediment 
Stabilization 

Macroalgal mafs may eifher sfabilize or desfabilize 
sedimenfs, depending on algal abundance. Dense 
macroalgal mafs sfabilize sedimenfs by decreasing 
shear flow af fhe sedimenf surface (Escarfin and 
Aubrey, 1995) and fhus sedimenf suspension (Sfriso 
and Marcomini, 1997; Romano ef al., 2003). Thick 
macroalgal mafs (equivalenf fo 3.5 fo 6.2 kg wef 
wf / m^) displace velocities verfically and can defied 
90% of fhe flow over fhe maf, wifh only 10% of 
fhe flow fraveling fhrough fhe maf (Escarfin and 
Aubrey, 1995). However, macroalgae also exisf af low 
densities and in pafchy disfribufions fhaf are offen 
dependenf on available subsfrafum for affachmenf 
or on advecfion of driff algae (Thomsen ef al., 2006) 
and may acf fo desfabilize sedimenfs. Af low densi- 
ties, flow causes macroalgae fo move and scour fhe 
sedimenf, increasing sedimenf suspension relafive fo 
bare sedimenfs. This sedimenf desfabilizafion is akin 
fo fhe well-documenfed phenomenon of salfafing or 
abrading parficles increasing erosion in cohesive sed- 
imenfs (e.g., Houser and Nickling, 2001; Thompson 
and Amos, 2002, 2004). In cohesive beds, fhe crifi- 
cal sfress required fo inifiafe erosion is offen greafer 
fhan fhe sfress required fo mainfain fhe sedimenf in 
suspension. Macroalgae fhaf scrape fhe bed while 



moving across if can dislodge parficles and increase 
sedimenf suspension/erosion. 

The influence of benfhic microbial mafs on sur- 
face sedimenf sfabilify is well sfudied (e.g., Paferson, 
1989; de Brouwer ef al., 2006). The mechanism behind 
fhis sfabilizing effecf is fhe production and exfru- 
sion of EPS by diafoms fhrough fhe raphe during 
fheir gliding movemenfs. Ifs composition can be com- 
plex and varies between species, buf mainly consisfs 
of carbohydrafes, profeins, and sulfafe groups. EPS 
bind sedimenf parficles fogefher so fhaf fhe shear 
sfress needed for erosion of sedimenf is increased, and 
fherefore fhe sedimenf is less easily eroded and resus- 
pended. Besides gluing sedimenf parficles fogefher, 
EPS also have physiological and ecological implica- 
tions. On fidal flafs, fhere are large diel changes in 
environmenfal variables (lighf, femperafure, salinify, 
wafer confenf, oxygen, and erosive forces). By secref- 
ing EPS, fhe diafoms become embedded in a cohesive 
mafrix fhaf can creafe more sfabile conditions. This 
sedimenf sfabilizafion is a seasonal phenomenon af 
leasf in femperafe sysfems, and fhe deposifed mafe- 
rial may be resuspended af times of fhe year when fhe 
microalgae are less productive (Widdows ef al., 2004). 

8.10.3 Effects on Faunal Biomass, 
Diversity, and Abundance 

Macroalgae can have positive and negative effecfs on 
associafed organisms. On fhe posifive side, fhey can 
provide a food source fhrough direcf assimilafion 
or fhrough defrifus-based food chains, as well as 
a profecfive refuge from predators (Norkko and 
Bonsdorff, 1996). The complex sfrucfure of some 
macroalgal species, such as Gracilaria vermiculophylla, 
could pofenfially creafe a predation refuge for 
commercially valuable blue crab and fish recruifs 
as well as shrimps and amphipods in bofh fhe 
subfidal and lower inferfidal zones of esfuaries (Hay 
ef al., 1990; Thomsen ef al., 2009). Macroalgae also 
may provide an imporfanf link between estuarine 
habitats (subfidal to intertidal, sand flats to seagrass 
beds), as associated organisms are transferred with 
advecting macroalgae between habitats (Holmquist, 
1994; Thomsen et al., 2009). 

The negative effects of dense macroalgae on 
benthic fauna include harmful exudates that are toxic 
to some organisms, low dissolved oxygen within and 
under dense macroalgal mats (Hull, 1987; Isaksson 
and Pihl, 1992), and high dissolved NH 4 + concen- 
trations that also can be toxic (Hauxwell et al., 1998). 
These negative effects have been associated with 
observed reductions in abundance of various macro- 
fauna, including bivalves, gastropods, amphipods, 
and fish, as well as increases in certain polychaetes. 



Environmental Impacts | 223 



oligochaetes, and amphipods (Norkko and Bonsdorff, 
1996; Raffaelli, 2000; Wennhage and Pihl, 2007). 

Both macro- and microalgal mats can cause neg- 
ative upward cascades in estuarine food webs. For 
example, microalgal mats subjected to high nutri- 
ent loads shifted to dominance by cyanobacteria and 
purple sulfur bacferia and increased fhe morfalify 
of fhe dominanf herbivore, fhe mudsnail Cerithidia 
californica, threefold over mafs subjecfed fo lower 
nufrienfs fhat were dominafed by diatoms (Armifage 
and Fong, 2004). Changes in benfhic fauna associ- 
ated with macroalgal blooms may cause resident and 
migratory shorebirds to change foraging behavior. 
For example, sandpipers spend more time probing in 
fheir search for food when fhey are foraging on fop of 
macroalgal mafs, buf more fime repeatedly pecking 
when mafs are absenf (Green, 2010). As infauna are 
a major food source for birds and ofher secondary 
consumers, macroalgal impacfs fhaf reduce fhis link 
in the food chain may impair this vital ecosystem 
function. There is also growing evidence that indirect 
positive effects in the form of "facilifafion" cascades 
mediated by habitat created or modified by macroal- 
gal species can enhance biodiversity and organismal 
abundancs (Thomsen et al., 2010). 

8.10.4 Facilitation by Fauna 

Macroalgae in soft-bottom environments can be facili- 
tated by fauna, such as fube-dwelling polycheafes and 
bivalves, fhaf provide hard subsfrafe for sefflemenf 
and growfh. For example, fhe fube-cap forming poly- 
chaefe, Diopatra cuprea, facilitates macroalgal assem- 
blages in shallow lagoons. These organisms create 
and maintain attachment sites by incorporating algal 
fragments into tube caps, thus increasing algal resi- 
dence time on mudflats compared to unattached algae 
(Thomsen et al., 2005). This association both increases 
population stability and resilience by providing a 
stable substrate that retains algae against hydrody- 
namic forces such as fidal flushing and storm surge, 
and by providing new fragmenfs fo populafe new 
areas or repopulafe areas affer a storm disfurbance. 
Oysfer reefs and mussel and clam beds likewise pro- 
vide subsfrafe for algal affachmenf and increase bofh 
biomass and diversify relafive fo nearby bare sedi- 
menfs (McCormick-Ray, 2005). These biotic subsfrafes 
also enhance algal growfh by local fertilization effecfs. 
Grazers such as fhe Galifornia Florn Snail can facilifafe 
fhe developmenf of macroalgal mafs by consuming 
microalgal competitors and releasing nufrienfs for 
upfake by macroalgae (Fong ef al., 1997). Also, on 
coral reefs. Carpenter and Williams (1993) showed 
fhaf urchin grazing f acilif af ed algal furf production by 
reducing self-shading wifhin fhe dense algal furf com- 
munity. Invertebrate grazers that remove microalgal 



films fhaf somefimes form on macroalgal fhalli, buf do 
nof damage fhe macroalgae, may facilifafe macroalgal 
growfh by enhancing nufrient and gas exchange. 

8.10.5 Competition between Benthic 
Algal Primary Producers 

Compefifion befween benthic and pelagic algae was 
mentioned briefly in Section 8.10.1. Flere we discuss 
the interplay between mats of benfhic microalgae and 
loose mafs of opporfunisfic macroalgae in shallow 
wafer in more defail (Fig. 8.9). 

Benfhic micro- and macroalgae inferacf, direcfly 
and indirecfly, fhrough their impact on light, oxy- 
gen, and nutrient conditions. The t 5 rpe and strength 
of fhe inferacfions change wifh fhe growfh phase, 
physiological sfafe, fhe spafial locafion of fhe mafs 
in relafion fo each ofher, and fhe f5T’e of fhe wafer 
body as if relates fo fidal amplifude. Shading by dense 
macroalgal mafs generally decreases benfhic microal- 
gal production. However, shade-adapfed microphy- 
fobenfhic communities fhaf remain active — and even 
fhrive — below macroalgal mafs are also presenf, pro- 
vided fhat at least some light penetrates to the sedi- 
ment surface (Sundback and McGlafhery, 2005). An 
example of such a shade-adapfed species is fhe large 
sigmoid diafom Gyrosigma balticum. Benfhic microal- 
gae, particularly diatoms, are in fact often resistant 
to short-term (days, few weeks) h 5 rpoxia and anoxia 
and promote recovery of sedimenf systems by rapidly 
reoxygenafing the sediment surface affer h 5 rpoxic and 
anoxic evenfs (Larson and Sundback, 2008). 

When nufrienf concenfrafions in fhe wafer col- 
umn are low, primary producer groups compete for 
nufrienfs. In such a sifuafion, fhe imporfance of sedi- 
menfs as a source of remineralized nufrienfs increases. 
At the same time, an active benthic microalgal mat 
will decrease the availability of sedimenf nufrienfs, 
limiting fhe growfh of loose macroalgal mafs, as well 
as phytoplankton. In Figure 8.9, two conceptual mod- 
els are shown: one where the macroalgal mat (MA) 
exists close to the sediment surface (Fig. 8.9 a, b) 
and fhe ofher where fhe macroalgal maf is floating 
af fhe water surface (Fig. 8.9 c, d). The coupling also 
depends on fhe fhickness of fhe macroalgal maf and 
fhe fime of fhe day (day/nighf, fidal cycle). 

8.11 ENVIRONMENTAL IMPACTS 

8.11.1 Eutrophication 

As esfuarine systems become increasingly eufro- 
phied and macroalgal blooms occur, fhe decomposing 
macroalgal mafs confribufe significant amounts of 
organic maffer fo fhe wafer and sedimenfs (Trimmer 
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FIGURE 8.9 Conceptual models of interactions between mats of benthic microalgae (microphytobenthos, MPB) and loose 
macroalgae (MA). Upper panel (a and b): macroalgal mat lying close to the sediment surface, a situation common on tidal 
coasts during low tide. Lower panel (c and d): macroalgal mat floating at the water surface, a typical situation in microtidal 
waters. In (a), the two closely coupled mats intercept nutrient release from the sediment to the overlying water, whereas in 
case (b) nutrients are released from the anoxic sediment and the coupled mats to the overlying water. When the two algal 
mats are spatially separated (c and d), there is no nutrient exchange between the two mats or between the sediment and 
water column. Instead, algal productivity is sustained by efficient recycling of nutrients within the mats themselves (c). This 
scenario applies particularly to autotrophic (often sandy) sediments in microtidal areas when nutrient levels in the overlying 
water column are low. At night, or when a thick floating macroalgal mat does not allow light to penetrate to the sediment 
surface (d), pore-water nutrients are released to the water column where they can be used by floating macroalgae. DFAA 
refers to dissolved free amino acids, and DCAA refers to dissolved combined amino acids. Source: Model drawings were 
inspired by the model in Astill and Lavery (2001) and redrawn from Simdback and McGlathery (2005). 



et al., 2000; Tyler et al., 2003; Nielsen et al., 2004). This 
decomposing organic matter turns over relatively 
quickly and is a positive feedback mechanism 
that increases nutrient availability to sustain large 



algal standing stocks. Other consequences of algal 
bloom formation in eutrophic estuaries include 
decreases in fish/invertebrate abundance and 
diversity, anoxia, and loss of seagrasses, corals. 
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and perennial algae (see 8.10). Eutrophication can 
lead to phase shifts from seagrass communifies fo 
algal-dominafed communifies (Hauxwell ef al., 2001; 
Valentine and Duffy, 2006), similar fo whaf has 
been observed in lakes and several ofher ecosysfems 
(Scheffer ef al., 2001; Scheffer and van Nes, 2004). 
If is essential fo know whefher fhese fransifions 
are reversible phase shiffs or if fhey represenf an 
alfernafive sfafe sfabilized by negafive feedbacks 
(Fig. 8.10). 

Tropical esfuaries wifh coral reefs may also 
undergo phase shiffs from coral fo algal domination 
(Knowlfon, 2004), alfhough fhe link fo eufrophicafion 
is less well esfablished fhan for soff-sedimenf 
habifafs. One classic sfudy in Kaneohe Bay (Hawaii, 
USA) esfablished fhaf hard-boffomed communifies 
shiffed from coral fo algae and back fo coral again 
wifh changes in nufrienf loading. In fhis sysfem, 
sewage ouffalls info fhe Bay increased nufrienfs 
and sfimulafed phytoplankton blooms. Lower lighf 
penefrafion sfressed corals, shifting fhe compefifive 
advanfage fo fhe macroalga Dictyospheria caver- 
nosa, fhe "green bubble algae" fhaf was able fo 
creep over fhe subsfrafe and replace coral. After 
sewage was diverted fo an offshore ouffall, wafer 
clarify increased and coral gradually recolonized 
and replaced fhe algae. However, while Kaneohe 
Bay is a clear example of a eufrophicafion-driven 
fransifion from coral- fo algal-dominafed fropical 
reef communifies, several ofher sfudies suggesf fhaf 
co-occurring sfressors, such as fhe loss of grazers, 
musf be in play fo shiff fhese communifies (Pandolfi 
ef al., 2003). 

The growfh of benfhic microalgae also may 
respond fo increased nufrienf load, particularly 
in sandy sedimenfs wifh lower concenfrafions of 
pore-wafer nufrienfs fhan finer sedimenfs (Nilsson 
ef al., 1991). If appears fhaf microphyfobenfhic 
communifies are highly resilienf fo eufrophicafion- 
relafed disfurbances and may play an imporfanf role 
in fhe resilience of fhe sedimenf communify affer, 
for example, h 5 rpoxic and anoxic evenfs (McGlafhery 
ef al., 2007; Larson and Sundback, 2008). The negafive 
impacf of eufrophicafion on fhe benfhic microalgal 
communify may be more gradual and slower fhan 
for benfhic macroscopic primary producers such as 
seagrasses. Thus, a parfial beneficial "buffering" 
effecf of benfhic microalgae on shallow sedimenf 
sysfems may persisf even in more heavily eufrophied 
sysfems. Microphyfobenfhic communifies possess, 
owing fo high diversify and functional redundancy, 
a cerfain degree of plasficify, increasing fhe overall 
resilience of shallow-wafer sedimenf sysfems affer 
pelagic bloom evenfs. Benfhic diatoms can survive 



periods of only a few % of incidenf lighf (or even 
darkness), and high sulfide levels, and can rapidly 
resume phofosynfhesis when exposed fo lighf 
or affer an anoxic evenf (Larson and Sundback, 
2008 and references fherein). This scenario, wifh 
benfhic microalgae surviving despife deteriorating 
conditions, may apply particularly fo areas where 
macroalgal bloom evenfs lasf only a few monfhs 
(Pihl ef al., 1999; McGlafhery ef al., 2001; Dalsgaard, 
2003), leaving fhe resf of fhe year open fo benfhic 
microalgal primary producfion. In warm, eufrophic 
microfidal sysfems wifh long-lasting macroalgal 
blooms, benfhic microalgae can be oufcompefed by 
shading and also by dysfrophic evenfs when fhe 
macroalgal blooms evenfually collapse (Viaroli ef al., 
1996). 

8.11.2 Invasions 

A recenf review by Williams and Smifh (2007) iden- 
tified a fofal of 277 infroduced macroalgal species 
in marine wafers worldwide. The primary vecfors 
for invasion are boaf fraffic and aquaculfure. Mosf 
reporfs are from femperafe regions; fhere is a general 
lack of information on infroduced species from 
fropical wafers, especially coral reef habifafs (Coles 
and Eldredge, 2002). The faxonomic disfribufion of 
invasive species identified in fhe review included 
165 Rhodophyfes, 66 Phaeophyfes, 45 Chloro- 
phyfes, and 1 Charophyfe. Mosf successful invaders 
were foliose and filamenfous forms, followed 
by leafhery and siphonous forms (Williams and 
Smifh, 2007). 

Several characferisfics of successful invaders have 
been idenfified: rapid reproduction and fhe pofen- 
fial for successful evolution in new habifafs, rapid 
colonizafion (including fragmenfafion as a source 
of new propagules), vegefafive growfh for popu- 
lation sfabilify, rapid nufrienf upfake and growfh 
pofenfials ("weedy" species), anfiherbivore defenses, 
and a wide environmenfal folerance (Nyberg and 
Wallenfinus, 2005). Bofh physical disfurbance (by 
killing natives and opening space) and eufrophicafion 
(by relaxing resource compefifion) can make esfuar- 
ine habifafs more easily invaded. Some well-known 
invasions are fhose of Caulerpa taxifolia, Gracilaria 
vermiculophylla, G. salicornia, Kappaphycus alvarezii, 
Hypnea musciformis, Sargassum muticum, and Codium 
fragile (Fig. 8.11). In general, fhe communify-level 
effecfs of invasive macroalgae are negafive when 
accumulations are dense, and include shading of 
native algal species leading fo decreases in abun- 
dance and diversify, decline in epifaunal and fish 
abundance, diversify and reproducfion, loss of sea- 
grass, and increases in incidences of anoxia and 
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The Nature of Community Collapse: Phase Shifts or Alternative Stable States? 



Macroalgae are taking over benthic estuarine communities worldwide. Catastrophiccoiiapses from long-iived 
seagrass and coral dominated ecosystems to opportunistic and shorter-iived macroaigae have focused research 
on the nature of these shifts. One important question is whether these are simple and reversible phase shifts, or 
if they represent alternative stabie stateswith stabiiizing mechanisms that inhibit recovery to the initial state 
(Scheffer et al. 2001 , Beisner et al. 2003, Didham and Watts 2005). 



Phase shifts 




Alternative stable states - shifts along an environmental gradient 





Phase shifts are rapid, catastrophic shifts from one dominant 
community to another over a very short range of environmentai 
change. Incrementai changes in a environmentai conditions cause 
little change untii a critical threshold is reached. Thus, the past 
history of environmentai change wiii not aid prediction of future 
change. 

Why do we care? 



Communities that exist as alternative stable states also undergo rapid and catastrophic 
changes. However, forward transitions occur at different points than backward transitions 
resulting in a range of conditions (between F1 and F2) where either of two different states can 
occur. Thus, there is limited abiiity to predict the community state based on the condition of 
the environment. 



Management strategies differ if communities exist as aiternative stabie 
states. Theory predicts there are only two ways to restore the initial, often more 
desirable state. 

One is to reverse the environmental conditions far beyond the forward shift, to F2, 
often a very difficult and expensive option. 

The other is to cause a large disturbance that pushes the community beyond the 
unstable equilibrium (represented by the dotted lines), a strategy with unknown side 
effects. 

To distinguish phase shifts from aiternative stabie states scientists must 
search for positive feedback mechanisms that stabilize each state that are strong enough 
to buffer these states across a range of environmental conditions (betweenF-i and F2) and 
provide resilience to small disturbances. 



Alternative stable states - shifts in response 
to disturbance 




i 



Small disturbances 
return tooriginal state 

Large disturbances 
(past unstable equilibrium) 
shift toaiternate state 



FIGURE 8.10 The Nature of Community Collapse: Phase Shifts or Alternative Stable States? 



hypoxia. There may be cases where introduced sea- 
weeds increase habitat structure and complexity on 
unvegetated mudflats, as is the case with G. vermicu- 
lophylla in some Virginia coastal lagoons, and have a 
positive effect on faunal abundances as long as algal 
populations stay below bloom proportions (Thomsen 
et al., 2009). 

8.11.3 Climate Change 

Climate change impacts on benthic algae include sea- 
level rise, increased temperature, increased CO 2 in 
the air and water, ocean acidification, and changes in 
weather patterns (Parmesan and Yohe, 2003). Rising 
temperatures have been predicted to cause poleward 
shifts in geographic ranges of species and ultimafely 
alfer fhe composifion of marine communities (for a 
review see Hawkins ef al., 2008), including benfhic 
primary producers in esfuaries. In femperafe lafi- 
fudes, warming may resulf in deepening fhermoclines 



and relaxation of cold upwelling, fhus enabling warm 
wafer species fo more easily jump gaps in disfribu- 
fion, especially along fhe wesfem margins of major 
confinenfs. Confinued femperafure increases in frop- 
ical sysfems will likely resulf in further increases in 
dominance of benfhic algae as a resulf of coral bleach- 
ing and morfalify (Hoegh-Guldberg, 1999). Changes 
in sform frequency may influence fhe disfribufion and 
abundance of benfhic primary producers in esfuaries 
by reducing or enhancing infertidal and shallow sub- 
fidal habifaf via sedimenfafion, reducing wafer clarify 
and fhe depfh of fhe photic zone, and increasing 
scouring (Zedler and Wesf, 2008). For example, exper- 
imenfally simulated scouring by sediments shifted 
the algal community from a diverse assemblage of 
macroalgae fo more opporfunisfic forms (Vaselli ef al., 
2008) wifh high femporal variabilify (Berfocci ef al., 
2005) in rocky coasfal habifafs. 

Some experimenfal evidence as well as sfud- 
ies of aquaculfure optimization fechniques suggesfs 
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FIGURE 8.11 Many species of invasive red algae proliferate on Hawaiian coral reefs including (a) Acanthophora spicifera (b) 
Gracilaria salicornia, and (c) Kappaphycus alvarezii. (d) In some areas, such as the coast of Maui, blooms of Hypnea miisciformis 
become so large that they detach, form floating rafts, and deposit on the beach. Source: Photographs by Jennifer Smith. 



that increased CO 2 concentrations and the resultant 
acidification of seawafer may have sfrong effecfs on 
esfuarine algae. Experimenfs wifh elevafed CO 2 and 
lowered pH have revealed sfrong negative effecfs 
on fropical crusfose calcareous algae (Jokiel ef al., 
2008; Anfhony ef al., 2008), and also show fhaf Por- 
phyra growth decreased with increased CO 2 , most 
likely due to increases in dark respiration rates (Israel 
et al., 1999). 

There is also evidence that complex interactions 
among factors may be important. For example, while 
increased temperature and nutrients may increase 
algal recruitment and growth up to some thresh- 
old, they should also increase the number of grazers, 
driving inferfidal communifies toward opporfunisfic 
species and away from dominance by fucoids (Lofze 
and Worm, 2002). O'Connor (2009) found fhaf warm- 
ing sfrengfhens herbivore-algal inferacfions, shifting 
imporfanf frophic pafhways. Recenf mulfifacforial 
experimenfs show fhaf certain stages in complex life 
cycles may be more sensitive to inferacfions among 



climafe-related factors and may be importanf bottle- 
necks limiting the ability of algal dominanfs fo survive 
climate change over the long term. For example, while 
adult kelp sporophytes in polar regions are relatively 
hardy to changes in temperature, UV light, salin- 
ity and their interactions, germination of zoospores 
is much more sensitive (Fredersdorf ef al., 2009). 
Aquaculfure sfudies have identified an imporfanf 
inferacfion between rising CO 2 and nufrienfs, wifh 
posifive CO 2 effecfs on growfh of Gracilaria being 
accelerafed wifh pulsed nufrienf supplies (Friedlan- 
der and Fevy, 1995), suggesfing that storms combined 
with rising CO 2 will facilitate algal blooms in estu- 
aries. Other studies suggest that interactions among 
climate change factors may result in changes in habi- 
tats. In sheltered embayments of fhe North Sea, rising 
sea level and eutrophication combined to cause shifts 
from Zostera fo opporfunisfic green macroalgae (Reise 
ef al., 2008). Overall, if appears fhaf interacting fac- 
tors associated wifh climafe change will enhance algal 
blooms, and may shift communifies fo greafer algal 
dominance. 
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9.1 INTRODUCTION 



Microbes are critical in controlling the function and 
structure of esfuarine ecosysfems fhrough activi- 
ties fhaf include nufrienf cycling, organic matter 
decomposifion, and conversion of indigestible defrifal 
maferials fo form more "palafable" fo large con- 
sumers. This chapfer addresses whaf microbes are, 
where microbes are found in esfuaries, and whaf 
microbes do in esfuaries wifh a focus on bacfe- 
ria, fungi, and viruses. This chapfer provides an 
overview of how microbes mefabolize organic and 
inorganic compounds fo obfain energy and build- 
ing blocks for bios 5 mfhesis, and how fhese pro- 
cesses influence nufrienf cycling in esfuaries. The 
role of microbes in food web dynamics is fhe topic 
of Chapfer 10. Heferofrophic profisfs (i.e., single- 
celled eukaryofes) are also discussed in Chapfer 10 
because of fheir confribufion fo ecosystem respirafion, 
and fheir imporfance in fhe franster of bacferial car- 
bon and energy fo higher frophic levels. Microalgae 
(i.e., phofofrophic profisfs) are discussed in Chapfer 
4 because of fheir imporfance fo esfuarine primary 
production. 

9.2 BRIEF SURVEY OF 
MICROSCOPIC ORGANISMS 

Microbes are very small, buf fhey are also very abun- 
danf. This may seem like a frivial sfafemenf, buf 



fhe realify is fhaf fhe disfribufion of many critical 
processes carried ouf in ecosysfems, including esfu- 
aries, is determined by fhe disfribufion of fremendous 
numbers of fhese tiny individuals of many differenf 
fypes. A single milliliter of esfuarine wafer fypically 
confains around a million individual bacferial cells, 
alfhough fhe numbers may be subsfanfially higher 
in cases where fhe organic confenf of fhe wafer is 
enriched above average. There are a number of advan- 
fages fo being small. The accumulation of nufrienfs 
and eliminafion of wasfes are diffusive processes fhaf 
are more rapid when fhe cells' surface-fo-volume 
ratio is large. In ofher words, fhe interaction befween 
fhe cell and fhe environmenf is facilifafed by fhe 
microbe's small size. Under condifions favorable fo 
growfh, abundance of fhe active cells can increase 
rapidly, alfering fhe sfrucfure of fhe microbial com- 
munify and fhe relafionship befween fhe various 
groups of microorganisms. While fhe environmenf 
often exerfs confrol over fhe rates of microbial growfh 
and mefabolism (chemical reactions fhaf occur wifhin 
fhe cell), fhe environmenf also is altered by fhe activ- 
ities of fhe huge number of microbes, even fhough 
individual microbial cells are very small. The abilify 
of fhe microbes fo alter fhe environmenf is a conse- 
quence of fheir greaf abundance and rapid growfh 
and mefabolism. 

Even fhough microbes are small — a microscope 
is generally required fo see individuals — fhey exhibif 
a wide diversify of sizes and forms. Esfuaries hosf 
all five general groups of microbes: bacteria, algae, 
protozoa, fungi, and viruses. Viruses are unique in 
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that they are acellular; they are usually considered 
to be nonliving entities because their reproductive 
capacity and energy acquisition is integrally linked 
to host organisms. The remaining groups fall into 
three domains proposed by Woese and Fox (1977), 
and references fherein, fhe Archaea, Bacferia, and 
Eukarya (Fig. 9.1). The Archaea and Bacferia are 
prokaryofic: fhey do nof have a nucleus surrounded 
by a membrane, and fhey have disfincfly different 
cellular structure compared with the nucleated or 
eukaryotic protists, fungi, algae, planfs, and animals. 
The cyanobacferia (historically referred to as blue- 
green algae) are members of fhe Bacferia, along wifh 
mosf culfured bacferia, and all known disease-causing 
(pafhogenic) bacferia (nofe fhe use of fhe common 
parlance in which fhe uncapifalized word bacferia 
refers generally to all fhe prokaryotes and Bacferia 
refers to fhe specific phylogenefic domain). Each of 
the microbial groups exhibits a variety of morpholo- 
gies, a range of sizes, and different cell architectures 
(Fig. 9.2). 

9.2.1 Bacteria and Archaea 

Bacteria (i.e.. Bacteria and Archaea) constitute an 
extremely abundant and diverse group of microor- 
ganisms. They exhibif a wide range of mefabolic 
properties, yef relatively simple morphology (sphere, 
rod, spiral, and filamenfous forms). They usually 
range in size from <0.2 to 15 pm, although some are 
much larger, such as the colorless sulfur-oxidizing 
bacterium, Thiomargarita namibiensis, which has a 
diamefer of 750 pm (Schulz ef al., 1999). Alfhough 



exchange of genefic material befween cells is nof 
uncommon, reproduction is by asexual binary 
fission. Genefically, fhe Archaea and Bacferia 
may be as disfanfly related as fhe Bacferia and 
Eukarya (Williams, 1996). The unifying feafure of 
fhe Bacferia and Archaea is fheir prokaryofic cell 
sfrucfure. 

Bacferia are abundanf in all esfuarine habifafs 
(Table 9.1). Sedimenfs and salf marsh soils generally 
harbor more bacferia per unif volume fhan fhe wafer 
column (10^-10^® cells/cm^ for f 5 rpical sedimenfs vs 
10^-10^ cells /cm^ in mosf esfuarine wafers). Bac- 
terial densities (and growth rates) in the estuarine 
water column generally are higher than in nearby 
coastal marine or river waters (Fig. 9.3) and tend to be 
highest in surface waters and associated with turbid 
regions. 

The Bacteria are highly abundant in estuaries and 
are responsible for a wide range of acfivifies from 
organic matter decomposition fo elemenfal fransfor- 
mafions of nifrogen, sulfur, and iron. The Archaea 
make up a small buf significanf fraction of prokaryofic 
abundance in esfuarine wafer columns (Bouvier and 
del Giorgio, 2002; Garneau ef al., 2008) and sedimenfs 
(Munson ef al., 1997; Abreu ef al., 2001). Esfuar- 
ine Archaea examined in culfure include halophiles, 
mefhanogens, and ammonia oxidizers. Some ofher 
marine and coasfal Archaea are heferofrophic (Kirch- 
man ef al., 2007), some fix nifrogen (Burns ef al., 
2002), and some are chemoaufofrophic and capable 
of CO 2 fixafion (Hemdl ef al., 2005). Characteristics 
of fhe organisms examined fo date suggesf fhaf fhe 
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FIGURE 9.1 The three domains of life based on phytogeny as determined by similarity in the genes coding for the small 
subunit of the ribosome. Source: Based on Woese et al. (1990). 
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FIGURE 9.2 Comparison of representative morphologies, sizes, and architectures of microbes found in the estuarine 
environment. Source: Figure redrawn from Day and Christian (1989). 
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FIGURE 9.3 Longitudinal distribution of bacterial density and productivity in the Essex estuary (northern Massachusetts) 
and connecting offshore waters. The temperature range was 15-20°C. The gray area between the dashed lines represents the 
range of observed values for bacterial production. Source: Figure redrawn from Wright and Coffin (1983). 



Archaea participate in many of the same ecosystem 
processes as the Bacteria. Indeed, while many new 
organisms have been discovered, many fewer new 
processes have been found, such that in the future, 
rather than finding many new processes that are 



carried out by the Archaea and Bacteria, continued 
emphasis on prokaryote diversity will yield a more 
complete and accurate understanding of which of the 
new organisms contribute to the processes that we 
already observe. 
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TABLE 9.1 Abundance of bacteria in several estuarine and coastal marine locations as determined by direct 
epifluorescence microscopic counts 



Habitat 


Location 


Density of cells 


Reference 


Water 


Sapelo Island, GA 


10®-10^/ml 


Wiebe and Pomeroy (1972) 


Water 


Kaneohe Bay, HI 


>10V ml 


Wiebe and Pomeroy (1972) 


Water 


Continental Shelf, GA 


lO^-IOVml 


Wiebe and Pomeroy (1972) 


Water 


Kiel Fjord, Germany 


1. 6-5.7 X lOVml 


Meyer-Reil (1977) 


Water 


Kiel Fjord, Germany 


0.8-2.7 X lOVml 


Meyer-Reil (1977) 


Water 


Newport R. Estuary, NC 


1.95-18.4 X 10®/ml 


Palumbo and Ferguson (1978) 


Water 


Humber Estuary, UK 


4.6 X 10^-5. 6 X 10®/ml 
(attached), 4.6 x 
10^-3. 0 X lOVml 
(free) 


Goulder (1976) 


Water 


Three estuaries and coastal 
waters, Massachusetts, 
United States 


0.7-7.0 X lO^/ml 


Wright and Coffin (1983) 


Surface layer of 


Palo Alto Salt Marsh, CA 


2.5 X 10^/ml 


Harvey and Young (1980) 


water 


Subsurface water 


Palo Alto Salt Marsh, CA 


5.4 X 10®/ml 


Harvey and Young (1980) 


Spartina raft 


Sapelo Island, GA 


2 X 10^/ml 


Wiebe and Pomeroy (1972) 


interstitial 

water 


Sediment 


Sapelo Island, GA 


10®-10^/ml 


Wiebe and Pomeroy (1972) 


Sediment 


Petpaswick Inlet, Canada 


1.2 X 10®-1 X 10^°/g 
dry wt 


Dale (1974) 


Salt marsh soil 


Newport R. Estuary, NC 


8.4-10.9 X 109/cm3 
(surface), 

2.2-2. 6 X 109/cm3 
(20 cm) 


Rublee and Dornseif (1978) 



9.2.2 Fungi 

Fungi are eukaryotic, heterotrophic microorganisms 
that form filaments (h 5 rphae), although some are uni- 
cellular (e.g., yeasts) for all or parf of fheir life cycle 
(Fig. 9.4). Many of fhe fungi exhibif complex life 
cycles and morphology. Bofh sexual and asexual 
reproduction may occur wifhin fhe same species. 
Fungal abundance in soils, sedimenfs, and fhe wafer 
column is nof reporfed in fhis chapfer because fhe 
sfudies reporfing fungal abundance are based on cul- 
tivation fechniques (Bayliss-Ellioff, 1930; Pugh, 1961, 
1962; Pugh and Beeffink, 1980) fhaf do nof accu- 
rafely reflecf fhe frue abundance. Techniques fhaf 
accurafely measure fungal biomass have nof been 
applied fo esfuarine sysfems because if is commonly 
accepfed fhaf fungal acfivify is limifed in anaerobic 
sedimenfs and are, fherefore, unimporfanf (Padgeff 
ef al., 1986), even fhough if is clear fhaf h 5 qthae may 
grow in reducing environmenfs (Padgeff ef al., 1986; 
Padgeff and Celio, 1990; Mansfield and Barlocher, 
1993; Flackney ef al., 2000). 

Whaf can be said wifh cerfainfy is fhaf a large 
number of fungal species and fungus-like profisfs 
(e.g., fhrausfochyfrids and labyrinfhulids) can be 




FIGURE 9.4 Image of decaying detritus showing fungal 
hyphae. 



found in esfuarine sysfems (Johnson and Sparrow, 
1961; Kohlmeyer and Volkmann-Kohlmeyer, 1991), 
buf whaf are fheir activities is sfill a question fhaf 
has nof been answered wifh cerfainfy excepf for a 
few cases. For example, over 100 species of higher 
filamenfous fungi are associafed wifh sfanding-dead 
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plants of salt marsh grasses in the genus Spartina 
(Kohlmeyer and Volkmann-Kohlmeyer, 2002). Fungi 
may compose 50% or more of the dry mass of those 
plants (Newell et al., 1989), are largely responsible for 
their decomposition (Newell et al., 1985), and may 
also serve as a food source for snails that are com- 
monly found on the plants (Newell and Barlocher, 
1993). 

Mycorrhizae are mutualistic relationships (bene- 
ficial, but not obligate) between fungi and the roots 
of vascular plants that confer a competitive advan- 
tage to the plant and promote rapid establishment of 
plants after a disturbance. The competitive advantage 
enjoyed by mycorrhizal plants makes this association 
of interest to restoration practitioners. Estuarine myc- 
orrhizal plants include the marsh grasses, Spartina 
patens, Juncus roemerianus, Spartina cynosuroides, and 
Distichlis spicata (Cooke et al., 1993; Hoefnagels et al., 
1993; Cooke and Lefor, 1998; Hildebrandt et al., 2001; 
Burke et al., 2002; Bauer et al., 2003; McHugh and 
Dighton, 2004), and mangroves (Lee and Baker, 1973; 
Kothamasi et al., 2006). 

9.2.3 Viruses 

Viruses are infectious agents that have a genome 
containing either DNA or RNA and can alternate 
between two distinct states, intracellular and extra- 
cellular (Madigan and Martinko, 2006). They are 
metabolically inert and rely on a living cell (host) 
to carry out the metabolic functions necessary for 
virus replication. Virus particles, or virions, carry 



viral nucleic acid from one cell to another. Viruses are 
exceptionally diverse and probably infect all organ- 
isms in estuaries, including animals, fungi, plants, 
and bacteria. Most contain RNA. A few viruses con- 
tain single- or double-stranded DNA, but never both 
RNA and DNA. Viruses also vary widely in size and 
shape. 

Viruses are abundant in estuaries (Fig. 9.5), rang- 
ing from 10^ to over 10^ virus-like particles (VLPs) 
per milliliter of water (summarized in Wommack and 
Colwell, 2000) and from 10^ to over 10^ VLP/cm^ 
of sediment (Drake et al., 1998; Hewson et al., 2001; 
Table 9.2). Bacteriophage (often referred to as phage), 
or viruses infecting bacteria, constitute the majority 
of virioplankton in estuaries (Wommack and Col- 
well, 2000). The virus-to-bacteria ratio in the estuarine 
water column is usually much >1 (Cochran and Paul, 
1998; Drake et al., 1998) and can exceed 85 in nutrient- 
rich, highly productive waters (Hewson et al., 2001). 
Although virus particles are t 5 rpically 10 times (or 
more) smaller than bacterial cells, it is the interaction 
of the individual bacterium and virion that is biolog- 
ically important, so that the ratio of individuals is the 
appropriate comparison in this case (Table 9.2). 

Beyond differences in abundance, VLPs exhibit 
high morphological and genetic variability, both spa- 
tially and temporally, and it is the highly d 5 mamic 
nature of the virioplankton that suggests an active 
role for viruses in microbial communities (Fuhrman, 
1999; Wommack and Colwell, 2000). Viruses function 
to affect microbial community structure as agents 
of disease and as agents of heredity depending on 



TABLE 9.2 Abundance of virioplankton, as virus-like particles (VLPs), in estuarine environments 



Aquatic 

environment 


Method 


10® VLP/ml 


Virus/bacteria 


Depth, m 


Season 


References 


Lake Saelenvannet, 


TEM 


20-300 


50 ±30 


1 and 2 


Spring 


Tuomi et al. (1997) 


Norway 


Tampa Bay 


TEM 


6.3-24.3 


— 


0 


Spring-Fall 


Jiang and Paul (1995) 


Tampa Bay 


TEM 


27-46 


— 


0 


Summer 


Boehme et al. (1993) 


Tampa Bay 


TEM 


6-34 


— 


0-10 




Paul etal. (1991) 


Tampa Bay 


TEM 


4.8-20 


0.9-9 


0 


Year 


Jiang and Paul (1994) 


Tampa Bay 


TEM 


5.2-16 


0.4-9. 3 


0 


Year 


Cochran and Paul (1998) 


Cyanobacterial mat, 


ELM 


960 


— 


0 


Winter 


Hennes and Suttle (1995) 


Texas 


Chesapeake Bay 


TEM 


2.6-140 


3-26 


0-30 


Year 


Wommack et al. (1992, 
1995) 


Chesapeake Bay 


TEM 


10.1 


3.2 


1 


Spring 


Bergh et al. (1989) 


Gulf of Bothnia, 


TEM 


17.5-50 


11.6 


25-230 


Spring 


Cochlan et al. (1993) 


Sweden 


Mid-Atlantic coastal 


ELM 


3-9 


1.1-2. 5 


0 


Fall 


Blum (unpublished data) 


lagoon 



Methods include transmission electron microscopy (TEM) and epifluorescence light microscopy (ELM). 
Source: Data from Table 1 in Wommack and Colwell (2000). 
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FIGURE 9.5 Epifluorescence microscope field at 1000' that 
contains virus particles stained with Syber Green II (Invit- 
rogen Corp.). The particles were trapped on a 0.02-ytm 
pore-size filter after the sample was passed through a 
0.2-(jLm filter to remove bacteria and larger particles. 



the t 5 rpe of host cell, the host cell's physiological 
condition, and the local environmental conditions 
(Madigan and Martinko, 2006). In either case, viruses 
may influence estuarine biogeochemical processes 
and food webs through their effect on community 
structure (comprising composition, phylot 5 rpe rich- 
ness, and evenness — relative phylot 5 rpe abundance) 
and individual genomes (function). 



9.3 APPROACHES FOR 
OBSERVING AND MEASURING 
MICROBES 



It is far beyond the scope of this chapter to provide a 
comprehensive description of the methods available 
to microbial ecologist. For information about specific 
methods. The Manual of Environmental Microbiology 
(Hurst et al., 2006) is an excellent resource. Other 
useful resources include Aquatic Microbial Ecology 
(Kemp et al., 1993), Aquatic Microbiology (Ford, 1993), 
Methods for General and Molecular Microbiology (Reddy 
et al., 2007), Bergey's Manual of Systematic Bacteriol- 
ogy (Boone and Castenholz, 2001), and the collected 
works of Kohlmeyer and colleagues (Kohlmeyer and 
Volkmarm-Kohlmeyer, 1991-2002). Our objective is 
to provide an overview of some general approaches 
that are used in estuarine studies, and more specific 



examples of principles and applications may be found 
in Table 9.3. 

Questions of interest to estuarine ecologists about 
microbial communities generally are (i) how big is the 
community? (ii) are two (or more) communities differ- 
ent? and, most frequently, (iii) what is the community 
doing? Thus, the study on estuarine microorganisms 
most often involves quantification and identification 
of the microorganisms present in a habitat, as well as 
measuring their activity. 

Direct identification of all the microorganisms in 
water, sediment, or plant litter is not currently possi- 
ble because the microbes are so small, so abundant, 
and so many carmot be distinguished morphologi- 
cally. Identification by any means is also complicated 
by the diversity of different types of organisms, 
multiple life stages, and genetic plasticity exhibited, 
especially by prokaryotes. Often, a whole commu- 
nity approach is taken to study microorganisms in 
estuaries. In such an effort, the community is stud- 
ied as a unit rather than examining the individuals 
composing that unit. Regardless of the question being 
asked about the community, each of the approaches to 
answering these questions provides a different view 
of the community and each has limitations that must 
be considered in interpretation of the data. Often the 
question of interest requires that multiple approaches 
be used to assess the community. 

Three general approaches to study microor- 
ganisms in natural environments are available to 
microbial ecologists: (i) direct microscopic observa- 
tion of the microorganisms, (ii) examination of the 
results of growth of the microorganisms in some t 5 rpe 
of culture medium, and (iii) detection and analysis of 
molecules such as membrane components, enzymes, 
genes, and gene products extracted from environ- 
mental samples or experimental treatments. Methods 
relying on growth of organisms are called culture- 
dependent methods. Culture-independent methods rely 
on direct microscopy and observation or detection 
of molecules (e.g., phospholipid fatty acids, cell 
membrane proteins, and cell wall components) and 
genes and other nucleic acids. The activities of 
microorganisms in their natural environment (i.e., in 
situ) are measured using a wide variety of chemical 
and biochemical techniques to detect changes in the 
amount of intermediate metabolites or metabolic end 
products. 

9.3.1 Microscopy 

Direct, microscopic observation of microbial commu- 
nities is the oldest method of obtaining information 
about microorganisms. This approach has the advan- 
tage of revealing the physical relationship among 
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TABLE 9.3 Approaches for observing microbial community structure 



Approach Type of information obtained Reference 



Microscopy 


Abundance of cells, live cells, broad 
groups, and in combination with 
molecular approaches, specific taxa 


Lawrence et al., 2007 


Culturing 


Abundance of viable, culturable 
organisms; physiological studies 


Wolfaardt et al., 2007; Garland et al., 
2007 


Immunological 


Quantification of specific groups but 
requires a pure culture of target 
organism to prepare antibodies 


Campbell, 1993 


Lipids 


Relative abundance of specific groups 
containing signature lipid(s); can 
indicate cell stress 


Hedrick et al., 2007; Findlay and Dobbs, 
1993 


Low molecular weight RNA 


Community similarity 


Hofle and Brettar, 1996 


(5S rRNA/tRNA) 


Nonsequence-based DNA 


Community similarity by homology; 
number of genomes in community by 
reassociation 


Torsvik et al., 1990 


16S rRNA and 23S rRNA 


Identification of individual taxa without 
culturing (TRFLP, DGGE) 


Pace et al., 1986; Qlsen et al., 1986; 
Ward et al., 1990 


Fragment-based 


Community similarity (RAPD, AFLP, 


Franklin et al., 1999; Franklin et al.. 


fingerprinting 


TRFLP, DGGE, ARISA) 


2001; Avaniss-Aghajani et al., 1994; 
Muyzer and Smalla, 1998; Brown 
et al., 2005 


Quantitative polymerase 


Relative abundance of taxa (QPCR) 


Giovannoni etal., 1990 


chain reaction 


Fluorescence in situ 
hybridization (FISH) 


Combined with microscopy or flow 
cytometry allows quantification of 
the proportion of individuals within 
particular taxonomic groups 


Wallner et al., 1995 


Metagenomics 


Community similarity; ultimately 
identity of each individual within 
community; currently only practical in 
exceptionally small communities 


Reviewed in DeLong, 2005; NRC, 2007 


Metatranscriptomics 


Ultimately, functional capability of each 
individual 


Frias-Lopez et al., 2008; Gilbert et al., 
2008; Shi et al., 2009 



Abbreviation: QPCR, quantitative polymerase chain reaction. 

Source: After information in the study by Kemp et al. (1993) and Fuhrman (2007). 



cells and between the cell and its environment. At 
the same time, direct observation provides a way 
to measure total cell abundance and biovolume of 
community members but reveals little about their 
identity or activity. By the end of fhe 1980s, f}^i- 
cal abundances of prokaryotic cells were esfablished 
for esfuarine habifafs using microscopic fechniques 
(Table 9.3). By combining biochemical approaches 
(including fhose based on genes) wifh direcf observa- 
tion, fhe abundance of live cells, functional groups, 
specific populations (i.e., genof 5 rpes), or specific enzy- 
mafic reacfions can, in some cases, be quanfified. 

9.3.2 Culturing 

Culfure-based mefhods are imporfanf because 
fhey allow for defailed sfudy on fhe mefabolic 
processes of an organism or communify under 



carefully controlled conditions in the laboratory. 
Classically, culture-based methods were applied to 
enumerate the portion of fhe communify capable 
of growfh under fhe condifions imposed on fhe 
culfure. However, work wifh culfure-independenf 
mefhods has shown fhaf fhe organisms recovered 
by culfures are offen nof fhe mosf abundanf in any 
specific environmenf, and fherefore may nof be fhe 
mosf imporfanf in carrying ouf ecosysfem funcfions 
of inferesf. Neverfheless, such approaches have pro- 
vided valuable information abouf fhe environmenfal 
condifions conducive fo critical biogeochemical 
processes and some of fhe genes and enzymes 
involved in a specific sfep in a mefabolic process. 
The fremendous mefabolic diversify of microbes, 
especially fhe bacferia, in mosf environmenfs limifs 
fhe ufilify of culfure-based mefhods for estimation of 
abundance and idenfify of fhe communify because 
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the conditions necessary to grow one type or group 
of organism(s) can limit the growth of ofher kinds of 
organisms. Thus, in culfure-based examinations of 
environmental samples, usually only a tiny fraction 
of fhe fofal community can be grown in a single 
medium; furthermore, there are a large number of 
organisms fhaf have yef fo be grown in any culfure, 
pure or mixed. These limifafions have prompfed 
mosf invesfigafors fo turn to culture-independent 
methods, which yield a fraction of fhe communify 
thaf is more represenfafive of fhe whole communify 
of microbes. 

9.3.3 Molecular and Molecular-Genetic 
Approaches 

Culfure-independenf molecular and molecular- 
genetic approaches are commonly used fo examine 
sfrucfural differences in microbial communities 
(Table 9.3). Immunological approaches have been 
used fo quantify fhe abundance of specific groups 
of microorganisms (e.g., nitrifiers, sulfur oxidizers, 
and cyanobacferia). Analysis of lipids can be used 
fo characferize communify sfrucfure based on 
lipids fhaf are unique fo microbes and fhaf vary 
sysfemafically among differenf microbial groups. An 
ever-increasing suife of molecular-genetic fechniques 
are employed for analysis of specific types of microor- 
ganisms and of microbial communities. Since fheir 
applicafion fo environmenfal samples beginning in 
fhe early 1980s, many new, previously unculfivafed 
microbes have been observed, and in some cases, 
classified and named, and fhe fremendous diversify 
of microbes in esfuaries has been recognized. These 
culfure-independenf fechniques are commonly used 
fo assess fhe composifional differences in microbial 
communities. 

All culfure-independent fechniques can yield 
information about community similarity based on 
shared marker molecules or nucleic acid sequences. 
Fingerprints of communities can be generafed and 
used fo fesf h 5 q?ofheses abouf communify similarify 
in bofh space and time fhrough proper numerical 
analysis of fhe dafa (usually involving mulfivariafe 
ordination fechniques), even fhough fhe dafa may 
or may nof confain information fhaf can be used 
fo idenfify fhe organisms (e.g., Franklin ef al., 1999; 
Wiksfrom ef al., 1999; Franklin and Mills, 2006; 
Wingef and Wommack, 2008). When fhe question of 
inferesf is, "Are two communifies differenf and how 
different are they?," lipid-based, nonsequence-based 
DNA, 16S rRNA sequence-based, and fragment- 
based approaches, as well as other several other 
approaches not discussed here, are appropriate. If fhe 
quesfion of inferesf requires informafion abouf fhe 



identify of specific faxa, fhen approaches fhaf rely on 
extraction and amplification of small-subunif (SSU) 
ribosomal RNA genes (16S rRNA for Bacferia and 
Archaea or 18S rRNA for Eucarya) are used. The SSU 
rRNA genes are used because fhey confain highly 
conserved regions (i.e., fhey change slowly over 
evolutionary time) inferspersed among more variable 
regions, making SSU rRNA parficularly useful for 
phylogenefic (evolufionary-based) classificafion of 
individuals (Woese ef al., 1990; Theron and Cloefe, 
2000 ). 

Several emerging approaches offer greaf pofen- 
fial for moving undersfanding of esfuarine microbial 
communify far beyond whaf we currenfly know. For 
example, a variefy of fluorescenf in situ hybridiza- 
fion (FISFI) approaches use fluorescenf dyes fhaf 
affach fo known SSU rRNA sequences. Depending 
on fhe specificify of fhe fluorescenf probe, fhe f 5 q?es 
of cells fhaf can be quantified can be broad (Bacferia 
or Archaea) or as narrow as individual phylof 5 rpes. 
By combining microauforadiography, a fradifional 
approach fo defermine whefher a cell is carrying ouf a 
specific process, wifh FISH, it is possible to determine 
whether a specific cell f 5 q>e carries ouf a specific pro- 
cess (Coffrell and Kirchman, 2000; Teira ef al., 2004). 
In fhe fufure, fhe use of laser confocal microscopy 
in combinafion with FISH will allow examination 
of fhe spatial relationship between specific phylo- 
f 5 rpes within a microbial community (Lawrence et al., 
2007). 

Advancements in high throughput DNA 
sequencing technology, such as 454-pyrosequencing, 
have made the metagenomics approach feasible for 
community structure analyses that are not possible 
with SSU rRNA-based, phylogenetic approaches. 
The aim of mefagenomics is fo sequence and idenfify 
all fhe genes from an entire community and, in some 
cases, to assemble the genes into entire genomes 
for each individual f 5 qje of organism within the 
community such that information about community 
structure in a classic ecological sense (i.e., both 
phylot 5 rpe richness and evenness) is obtained. At the 
time this was written, there were a few mefagenomic 
surveys in esfuarine environmenfs (Coffrell ef al., 
2005; Bench ef al., 2007; Hardeman and Sjoling, 
2007). However, in fhe near fufure, inexpensive 
nexf-generafion gene sequencing fechniques will 
allow furfher exploration of microbial communify 
sfrucfure in esfuaries. As mefagenomic approaches 
become more widely used if may become possible 
fo more closely link microbial phylogeny and 
communify sfrucfure fo process rafes and confrols. 
In combinafion wifh culfure-dependenf and micro- 
scopic approaches, fhese emerging approaches may 
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provide a more complete insight into why estuarine 
microbial communities do what they do, how 
communities change in response to environmental 
conditions, and whether the identity of the organisms 
in the community mix has relevance to the observed 
community function. 

9.3.4 Measuring Microbial Activity 

Knowing how many or what kind of microorganisms 
are presenf in an esfuary does nof necessarily provide 
informafion abouf whaf microorganisms are doing 
or their rate of activity — abundance and biomass 
often are not correlated with activity. In addition to 
knowing how many and what kind of microbes are 
presenf, if is essenfial fo have a quanfifafive under- 
sfanding of communify acfivify. The ubiquify and fhe 
fremendous mefabolic diversify of microorganisms in 
esfuaries makes undersfanding whaf fhe communify 
is doing and how fasf if is doing if a challenging 
endeavor; yef, if is a quanfifafive, mechanistic knowl- 
edge of fhe microbial communify fhaf disfinguishes 
microbial ecology from sfudies on phenof 5 q)ic and 
genof 5 q?ic diversify. 

Accurafe measuremenf of microbial mefabolism 
in the natural environment is difficult because most 
techniques involve manipulation that alters the com- 
munity's environment sufficiently to alter the rates of 
a process or even eliminate the process completely. 
Examples include wall effects observed when a water 
sample is put in a container or oxygenation of anaer- 
obic salf marsh sedimenfs when removed for sfudy. 
Effecfs of manipulafion are furfher exacerbafed by 
fhe long incubations offen required fo measure fhe 
very low rafes of acfivify fhaf occur in nafure. During 
long incubations, microbes may grow, or die, so fhaf 
a biased picfure of communify acfivify is obfained. 
Thus, if is crifical fo evaluafe how a selecfed mefhod 
affecfs whaf is being measured and fo design sfrafe- 
gies fo minimize "sampling effecfs" and incubafion 
times on community activity. 

Hobbie (1993) suggests that a good method for 
acfivify measuremenfs (i) deals wifh microorganisms 
in their natural surroundings (but does not ignore 
similar measurements made in laboratory culture), 

(ii) does not introduce artifacts into the results, and 

(iii) produces results that are ecologically meaningful 
within the larger picture, for example, measured rafes 
of nifrogen fixafion musf fif quantifatively info fhe 
overall nifrogen cycle of an esfuary. A wide variety of 
approaches generally satisfy fhese criferia, depending 
on the question the investigator is asking; however, 
it is crucial to keep in mind that there are still some 
errors associated with nearly every technique used. 



and development of more sensifive, rapid, and accu- 
rafe approaches fo measuremenf of microbial acfivify 
is needed. 

Microbial ecologisfs measure whaf microbes 
are doing by examining subsfrafes used as carbon 
and energy sources, election acceptors and elecfron 
donors, and compounds produced by mefabolic 
reacfions. When fhe sfoichiomefry of a reacfion is 
known, for example, as wifh denifrificafion (see 
nifrogen cycle processes below), measuring specific 
chemical species provides adequate informafion 
fo determine whaf processes are occurring in fhe 
environmenf and, when measuremenfs are made 
over time, fransformafion rafes can be esfablished. 
Ideally, acfivify measuremenfs consider bofh fhe 
fypes of activities carried ouf by fhe communify and 
fhe rate af which fhe acfivify is being carried ouf. In 
fhe remainder of fhis section, common approaches fo 
measure microbial acfivify in esfuaries are described. 
Many defailed mefhodologies are available from 
sources such as Kemp ef al. (1993) or Hursf ef al. 
(2006). 

Mosf acfivify measuremenfs employ chemical 
measuremenf of communify mefabolism fo assess 
eifher microbial uptake of maferials or fransforma- 
fions of molecules of inferesf. One of fhe mosf com- 
mon approaches is fo use radioactive isofopes fo 
frace fhe fafe of a compound. Techniques relying on 
radioacfive labeling are a highly sensifive way fo 
esfimafe microbial acfivify in situ and in vitro. The 
basic concepf underlying microbial isofope work is 
simple yef elegant: a sample containing microorgan- 
isms is incubated with radioactively labeled com- 
pounds, and the cells are collected and analyzed for 
fhe amount of radioactivity incorporated. Radioiso- 
tope methods are extremely sensitive in that minute 
amounts of incorporated radiolabel can be defecfed. 
Eurfhermore, depending on fhe problem af hand, 
fhese mefhods can be "customized" by employing 
differenf isofopes (e.g., or ^H) fo examine 

assimilafion (e.g., ^‘^C-bicarbonafe incorporation fo 
measure phofos 5 mfhesis or chemoaufofrophy), res- 
pirafion (e.g., ^^C-acefafe mineralizafion fo ^^C02), 
growfh rafes (e.g., ^H-fhymidine incorporafion info 
DNA), or fransformafions (e.g., reduction fo 

H235S). 

Sfable isofopes have many of fhe same advan- 
fages as radioisotopes, especially fhose of nifrogen 
because fhe radioacfive isofopes of nifrogen are so 
shorf-lived fhaf if is nof feasible fo use fhem in 
situ. Depending on fhe mefabolic pafhways involved 
(reductive vs oxidative), heavy isofopes are discrim- 
inated againsf in favor of lighter isofopes so fhaf 
fhe ratio of heavy fo lighf isofopes mefabolized is 
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either depleted or enriched relative to a standard. This 
process is called isotope fractionation. Only reactions 
mediated by enzymes fractionate, so stable isotopes 
are often used to determine whether a process is being 
carried out by microorganisms. 

The variety of wef chemical fechniques and 
insfrumenfs available fo measure fhe concentration 
of chemicals in the environment are tremendous, 
although many techniques lack the sensitivity to 
detect small concentration changes for compounds 
present at environmental levels. The disappearance 
of reacfanfs and/or fhe appearance of producfs of 
a reaction can serve as measures of community 
metabolism. Depending on the scale of inferesf, 
bulk wafer or soil/sedimenf samples refurned fo fhe 
laborafory can be analyzed for specific chemical con- 
sfifuenfs. One of fhe mosf useful ways of measuring 
communify acfivify in situ af scales fhaf approach 
fhose relevanf fo individual cells yef wifh minimal 
disfurbance is wifh microelecfrodes. Microelecfrodes 
are small glass elecfrodes wifh tips as fine as 2 |xm in 
diamefer. The tips of fhe elecfrode are very carefully 
inserted into the environment of inferesf and inserfed 
a few fracfions of a millimefer af fime fo follow 
concenfrafions of chemicals such as H+, O 2 , N 2 O, 
CO 2 , H 2 , or H 2 S. For example, much of whaf is 
known abouf phofos 5 mfhesis in benfhic microbial 
mafs comes from microelecfrode sfudies. 

Using chemical mefhods singly or in combina- 
fion, if is possible fo esfimafe values of inferesf at 
the community level such as process rates, nutrient 
and cell turnover rates, growth rates, and death rates 
(assuming steady-state) to support the ultimate goal 
of modeling in situ communify acfivify. 



9.4 ELEMENTAL 
TRANSFORMATIONS AND 
ORGANISMS INVOLVED 

Thus far, we have addressed fhe identifies, abun- 
dances, and patterns of microbial disfribution in 
esfuaries. From fhaf discussion comes fhe logical 
conclusion thaf fhere are many different kinds of 
microbes and lofs of each kind ever 5 rwhere in esfu- 
arine environmenfs. The adage fhaf "everything is 
everywhere; the environment selects" (Baas Becking, 
1934, who attributed the idea to passages presented 
by Martinus Beijerink in the late 1800s) reflects the 
observation that if fhere is a function fo be performed, 
microbes will be presenf and able fo carry if ouf. The 
more inferesfing quesfion for microbial ecology is 



"What is it that microorganisms do in estuaries?" 
As when determining which microbes are where and 
how many there are, determining what microbes 
are doing depends on the methods used to answer 
the question. In estuaries, the large-scale ecosystem 
processes of producfion, decomposition, and nufri- 
enf cycling are carried ouf almosf exclusively by 
microbes. Furfhermore, fhese processes are closely 
linked fogefher, so fhaf each one is heavily depen- 
dent on the other two. Although all three processes 
include both energy transfers and maferial fransfor- 
mations, fhe fransformations are closely linked by 
fhe commonality of fhe presence of many elemenfs 
in biomass, fhaf is, biomass composifion dicfafes fhe 
reactions and elemenfs involved in biomass s 5 mfhesis 
and decay. In particular, conversion of inorganic fo 
organic (i.e., producfion and nufrienf immobilization) 
and organic back fo inorganic (decay and nufrienf 
regeneration) are bound fo fhe dominanf elemenf in 
biomass — carbon (Fig. 9.6). Inevifably, any sfudy on 
microbial function in ecosysfems leads fo considera- 
fion of fhe biochemical capabilities of fhe organisms 
(maferial fransformations) and cellular energetics. 

The following sections describe processes impor- 
tanf in nufrienf cycles and, fo some exfenf, energefics 




Assimilation (biomass synth) ► 

Mineralizatbn(decxxnpostion) ► 

Oxidation (energy) ► 

Reduction (electron acceptor) ► 

Cartxin fixation (biomass synth) ► 

Carbon oxidation (energy) ► 

Nitrogen fixation (biomass synth) ► 

FIGURE 9.6 Material flows in an estuary emphasizing 
microbial reactions that dominate the processes. 
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are summarized; the following chapter focuses on the 
role of microbes in overall energy flow and trophic 
dynamics. These topics are considered in separate 
chapters, but it is critical to keep in mind that energy 
flow and nutrient cycling are intimately linked and 
cannot be separated. Much more detailed informa- 
tion about the points made below is covered in 
texts on microbiology, biochemistry, and microbial 
physiology. 

9.4.1 Carbon Fixation and Mineralization 

The simplest form of the carbon cycle involves two 
processes, carbon fixation and carbon mineralization. 
Microorganisms, including bacteria, play major roles 
in both processes. The ecological term for carbon 
fixation is primary production. When carbon fixation 
occurs, CO2 is converted to organic matter (i.e., 
biomass) by autotrophic organisms. Autotrophs com- 
prise two major categories, photoautotrophs and 
chemoautotrophs. The former obtain energy from 
light and convert it to chemical energy by splitting a 
reduced molecule (such as H2O or H2S) and using the 
electrons in the s5mthesis of the energy carrier ATP 
and the electron carrier NADPH. Photoautotrophs 
include green plants and macro- and microalgae, 
but cyanobacteria are also important autotrophs that 
account for much of the primary production in some 
locations of estuaries. Cyanobacteria are said to be 
"oxygenic photosynthesizers" such as green plants, 
because when they use light energy to split water to 
obtain the electrons, they produce molecular oxygen 
in the process. There is also a group of photosyn- 
thetic prokaryotes called anoxygenic photosynthesizers 
that split H2S instead of water and produce ele- 
mental sulfur rather than O2 (although some also 
use H2, S, a few organics, or Fe(II) as the electron 
source). 

Chemoautotrophs also fix CO2 into biomass; 
however, the source of energy for this process is a 
reduced chemical compound such as NH4^, H2S, 
Fe(II), or one of several others. In most estuaries, 
the carbon fixed by chemoautotrophs is less than 
the carbon fixed by photoautotrophs. But, chemoau- 
totrophic reactions such as ammonium oxidation, 
sulfur oxidation, and iron oxidation are critical 
processes in the biogeochemical cycling of elements, 
including N, S, and Fe, and these processes are 
intimately linked with the physiological carbon cycle 
in all environments, including estuaries. 

Organisms that use organic carbon formed 
during primary production are termed chemo- 
organoheterotrophs, or more commonly, hetero- 
trophs. Heterotrophs are responsible for the process 



of organic decomposition. In general, these organisms 
use organic compounds as the source of energy, 
carbon, and electrons. Through mineralization, 
heterotrophic microbes return elements such as 
C, N, S, and P that had been incorporated in the 
organic matter to the environment, a process called 
nutrient regeneration. Fleterotrophic activity generates 
products such as CO2, NFI4+, 804^^, P04^^, and a 
variety of other mineral compounds and elements. 

9.4.2 Nitrogen and Organisms 

Nitrogen availability frequently limits primary pro- 
duction in estuarine systems. As a result, when 
nitrogen enters estuaries in excess, water column 
production can reach undesirable levels. The con- 
sequences are typical of eutrophic systems in that 
production, death, and subsequent aerobic decay 
of the producers often depletes dissolved O2 lead- 
ing to anoxic conditions that can result in massive 
fish kills and death of benthic organisms. Much of 
the concern with estuaries such as the Chesapeake 
Bay revolves around anoxic or h5rpoxic (low oxy- 
gen) events that kill economically important higher 
organisms. Most anoxic systems are also associated 
with unpleasant odors and unsightly accumulations 
of decaying materials that wash up onto nearby 
shores. Areas with frequent, persistent anoxic condi- 
tions are often termed dead zones (Diaz and Rosenberg, 
2008), although they are very much alive with active 
microorganisms . 

Complete biogeochemical cycles of a number of 
mineral elements, for example, N, S, and Fe, are 
accomplished by the combined action of chemoau- 
totrophs and heterotrophs. Chemoautotrophs use 
reduced inorganic forms of those elements for energy 
and electron sources as they oxidize the element. Sub- 
sequently, specialized heterotrophic anaerobes use 
the oxidized forms produced by the chemoautotrophs 
as electron acceptors for the oxidation of organic car- 
bon compounds resulting in the formation of the 
reduced forms. The nitrogen and sulfur cycles are 
excellent examples of this combination of oxidation 
and reduction reactions (Figs 9.7 and 9.8). 

9.4.3 Nitrification 

During the decomposition of organic material, nitro- 
gen is mineralized directly from proteins and amino 
acids as NFI4+ . In oxic environments, however, N03^ , 
and not NFI4+, is usually the dominant inorganic form 
of dissolved nitrogen. The conversion from ammo- 
nium to nitrate is carried out by the nitrifiers, a 
group of chemoautotrophic Bacteria and Archaea that 
mediate the process of nitrification. This conversion 
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FIGURE 9.7 A generalized view of the nitrogen cycle as 
it operates in estuaries. A recently documented process 
of anaerobic ammonia oxidation (anammox) is not shown 
because it has not been shown to be important in estuarine 
environments. 




FIGURE 9.8 A generalized view of the sulfur cycle in estu- 
aries. In addition to the shown reactions, microbes generate 
a series of volatile organic sulfur compounds that are listed 
in Table 9.4. 



is an oxidation reaction, and the nitrifiers are able 
to trap the energy released during the process for 
use in biosynthetic reactions. Nitrification occurs in 
two steps, each carried out by separate t5^es of 
organisms: 

NH4+ + 3/2O2 ^ -H 2H+ + H2O 
(AG = -275 kj/mol N) 

N02^ -H I/2O2 ^ N03-(AG = -75 kJ/mol N) 

While there are a few different bacteria that carry 
out each of the two steps, there are none that oxi- 
dize ammonium completely to nitrate. There are a 
few fungi that can oxidize small amounts of ammo- 
nium to nitrate, but they do not gain energy from 
the reaction, and they do not appear to be quantita- 
tively important in any environment. The conversion 
of ammonium to nitrite is carried out by mem- 
bers of the genera Nitrosomonas, Nitrosococcus, and 
a few others. The isolation of an ammonia-oxidizing 
Crenarchaeote (putatively named Nitrosopumilis) has 
now been reported (Kormeke et al., 2005), and that 
discovery extends NH4+ oxidation beyond a few 
members of the Bacteria to the Archaea. Although the 
Crenarchaeota make up a substantial portion of the 
prokaryote abundance in marine environments, their 
functions are largely unknown. More recent work 
suggests that archaea such as Nitrosopumilis are as 
abundant and active at an oceanic scale as in the sam- 
ples examined by Kormeke et al. (2005) and that they 
are responsible for much of the marine ammonia oxi- 
dation (Francis et al., 2005; Moin et al., 2009; Bernhard 
et al., 2010). 

NO2 rarely accumulates in the environment, 
largely due to the activity of the NO2 -oxidizing 
bacteria. The lower energy yield per mole of N02^ 
oxidized as compared with ammonium oxidation 
makes the latter reaction the rate-limiting step in 
nitrification. The fact that over three times as much 
NO2 must be oxidized as compared with NH4+ to 
obtain the same amount of energy means that, in most 
cases, N02^ is scavenged very efficiently by N02^ 
oxidizers as soon as it is produced. The nitrite oxidiz- 
ers also comprise just a few t5q)es, dominated by the 
genus Nitrobacter. 

While substantial amounts of nitrogen-containing 
gases are generated in the coastal zone by denitrifi- 
cation, it is now known that nitrifiers (particularly 
NH4+ oxidizers) appear to generate copious amounts 
of the greenhouse gas N2O as part of their activities 
(Firestone and Davidson, 1989; de Wilde and de Bie, 
2000 ). 



Elemental Transformations and Organisms Involved | 247 



9.4.4 Denitrification 

Many microorganisms have the ability to oxidize 
organic matter either in the presence or absence of 
oxygen. Organisms that are able to degrade organic 
matter both aerobically and anaerobically are referred 
fo as facultative anaerobes. A large proportion of facul- 
fafive organisms are able fo use N03^ as fhe ferminal 
elecfron acceptor under anaerobic condifions. The 
oxidafion of organics coupled fo fhe reduction of 
N03~ where N2 is fhe reduced producf is referred fo 
as denitrification. The process using a generic carbohy- 
drafe as fhe carbon/ energy/ elecfron source proceeds 
as follows: 

6(CH20) + 4.8NO3- + 4.8H+ ^ 6CO2 + 2.4N2 
+ 8.4H20(AG = -2671 kj/mol) 

The reactions proceed sfepwise generally following 
fhe sequence: 

N 03 ^ ^ N02^ ^ N 2 O ^ N 2 

In closed systems (such as sealed flasks in the labo- 
ratory where gaseous products are prohibited from 
escaping), each of fhe infermediafes can often be 
defected in order, buf each is in furn reduced unfil N2 
is quanfifafively recovered. In fhe environmenf, fhe 
infermediafes somefimes accumulafe or (in fhe case 
of N2O) escape info fhe afmosphere and avoid addi- 
tional biological reaction. Given the large amounts of 
organic matter produced and received by esfuaries 
and fhe large amounf of nitrate from upland runoff 
via river inpufs fo esfuaries, denitrification is a major 
pathway of organic maffer degradation in anaerobic 
waters and sediments, although not as great as sulfate 
reduction, due to the even greater supply of 804^^ as 
compared wifh N03~ in esfuarine locations. Indeed, 
Jorgensen (1980) affribufed abouf half of fhe organic 
degradafion in coasfal marine sedimenfs in a Danish 
fjord fo oxygen respiration and abouf half fo sulfafe 
reducfion, wifh denifrificafion accounting for <5% of 
fhe fofal carbon miner alizaf ion. 

Denitrification in estuaries serves as an important 
filter for nifrogen passing from fhe ferresfrial to the 
marine environment. Of fhe 48 Tg N03~-N/year 
entering esfuaries from riverine inpuf (Galloway 
ef al., 2004), 10-80% is denifrified, fhereby reducing 
greafly fhe amounf fhaf gefs fo fhe ocean. Globally, 
natural N2O production is 0.4 Tg N2O-N / year in estu- 
aries and the coastal ocean. Human activities have at 
least doubled biogenic N2O emissions from fhese 
regions since 1860, largely as a resulf of changes in 



agriculfure (Kroeze and Seifzinger, 1998; Seifzinger 
and Kroeze, 1998; Seifzinger ef al., 2000). 

9.4.5 Dissimilatory Nitrate Reduction 

Some heferofrophs can respire organic maffer anaer- 
obically by reducing N03^ nof fo N2, buf rafher 
fo NH4^. This reacfion sequence is referred fo as 
dissimilatory nitrate reduction to ammonia (DNRA): 

6(CH20) -6 3NO3 -6 3H+ ^ 6CO2 

-6 3NH3 -H 3H2O (AG = -1796 kJ/mol) 

Alfhough fhe process has been known fo occur for 
many decades, if was fhoughf fo be a minor compo- 
nenf of fhe nifrogen cycle in nearly all cases due fo 
fhe abilify of denifrifying heferofrophs fo oufcompefe 
fhose fhaf reduce N03~ fo NH4^ (note fhe higher 
energy yield using denifrificafion to oxidize organic 
matter; Tiedje, 1988). More recent evidence also sug- 
gests that denitrification is generally greater than 
DNRA in most estuarine locations, although in some 
situations in some locations, for example, surface 
sedimenfs of some salf marshes, DNRA can be of fhe 
same magnifude as denifrificafion (Koop-Jakobsen 
and Giblin, 2010). 

9.4.6 Nitrogen Fixation 

Nifrogen is a major limiting nufrienf for primary 
production in esfuaries (see earlier chapters) in parf 
because if is exceeded only by carbon, oxygen, and 
hydrogen as fhe mosf abundanf elemenf in planf 
and animal biomass, and in parf because of fhe pre- 
dominance of environmenfs in esfuaries conducive 
fo denitrification. Even though nitrogen gas (N2) is 
abundant in the atmosphere, it is in a form fhaf is 
unavailable fo all buf a few prokaryofic organisms, 
which reduce nifrogen gas fo ammonium (NH4^). 
This process is called nitrogen fixation and fhe bacteria 
carrying ouf fhe process are referred fo as nitrogen- 
fixers or diazotrophs. 

The bacteria fhaf carry ouf nifrogen fixafion are 
a very diverse group fhaf are nof closely relafed 
phylogenefically and fhaf fix nifrogen under very 
differenf types of environmenfal condifions. Some 
are aufofrophs (e.g., many cyanobacteria), while 
ofhers are heferofrophs. The one characf eristic fhaf all 
nifrogen-fixing bacferia share is fhe oxygen-sensifive 
enzyme, nifrogenase. Nifrogenase is a complex 
enzyme consisting of several differenf proteins fhaf 
are highly conserved (i.e., very similar) from one 
organism fo anofher. These profeins are rich in Mo, 
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Fe, Mg, and S, and so all nitrogen-fixing bacteria 
require these elements in greater amounts than most 
bacteria. The nitrogen-fixation reaction is as follows: 

N2 -H 3H2 ^ 2NH3, AG = +160 kj/mol 

In addition to reducing N2, nitrogenase reduces 
a variety of other substrates, including acetylene, 
allene, cyanide, azide, nitrous oxide, and many 
others. Because no other enzyme reduces acetylene to 
ethylene, this reaction can be used to measure the rate 
of nitrogenase activity using gas chromatography. 
The acetylene reduction technique is an inexpensive 
and simple way to estimate nitrogen fixation rates in 
estuarine samples. 

Many nitrogen-fixing bacteria are strict aerobes or 
are oxygenic photos5mthesizers (e.g., the cyanobacte- 
ria). Yet, nitrogenase is exceptionally oxygen sensitive 
and is irreversibly inactivated by O2. Nitrogen-fixing 
bacteria have evolved a number of strategies to 
exclude oxygen or to restrict oxygen contact with 
nitrogenase. Strategies that are particularly relevant 
to estuarine bacteria include avoidance, anaerobes 
and facultative aerobes fix N2 only in the absence 
of O2; microaerophily, some bacteria fix only at 
low p02, so that normal respiration limits the cel- 
lular concentration of O2', clustering, cells grow in 
dense microcolonies so that cells inside the cluster 
are protected from O2 by the respiratory activity; 
and compartmentalization, the formation of special- 
ized structures for nitrogen fixation, for example, the 
heterocycts of many cyanobacteria. Overcoming the 
physiological constraints of O2 poisoning of the nitro- 
genase allows nitrogen fixation to occur throughout 
an estuary under aerobic and anaerobic conditions 
and all states in between, even by organisms that 
generate O2 during photos5mthesis. 

9.4.7 Sulfur and Organisms 

Like nitrogen, sulfur is a plant macronutrient; it is 
an important component of amino acids and enzyme 
cofactors. Thus, sulfur is an important component 
of organic matter. Because of its high abundance 
in marine habitats (28 mM in the ocean as 804^^) 
sulfur does not limit biological activity in estuarine 
or marine systems. In general, the sulfur cycle is 
similar to the nitrogen cycle. Sulfur exists in a vari- 
ety of redox states, and biological processes either 
mineralize sulfur, immobilize sulfur through assim- 
ilatory sulfate reduction, or transform sulfur from 
reduced forms (sulfides, thiosulfate, polythionates, 
and elemental sulfur) to more oxidized forms (sul- 
fates and sulfites) and vice versa (Fig. 9.8). Like 
nitrogen, reduced sulfur compounds can serve as 



energy sources for autotrophic bacteria, and oxidized 
sulfur compounds can serve as electron acceptors 
for anaerobic respiration by heterotrophs. Flowever, 
there are some very important differences. The dom- 
inance of these processes and the end products of the 
reactions are largely determined by environmental 
conditions. For example, the products of mineraliza- 
tion are sulfate (804^^ ) under aerobic conditions and 
FI28 under anaerobic conditions, whereas, regardless 
of the oxygen status of the environment, the product 
of organic nitrogen mineralization is always NFl4^. 
Furthermore, the lack of a relatively inert species 
similar in reactivity to N2 means that no process 
analogous to nitrogen fixation exists or is necessary. 
Energetically, therefore, the reductive processes in the 
sulfur cycle are more conservative in that the product 
is used directly by chemoautotrophs as an energy 
source (Flowarth and Teal, 1980) 

9.4.8 Assimilatory Sulfate Reduction 

Most osmotrophic organisms (those that incorporate 
nutrients by diffusion through their membrane) take 
up sulfur as sulfate (804^^) and then reduce it to 
sulfhydryl (FI8^) forms for assimilation into amino 
acids, principally cystine, cysteine, and methionine. 
Many sulfur compounds serve as sulfur sources for 
prokaryotes, including sulfate, h5q)osulfite, sulfoxy- 
lates, thiosulfate, persulfate, sulfide, elemental sulfur, 
sulfite, tetrathionate, thiocyanate, and organic sulfur 
compounds, although different microbes use differ- 
ent combinations of sulfur species and no bacterium 
can incorporate every form of sulfur. Furthermore, 
many of these compounds are either unavailable to 
eukaryotic organisms or toxic to them. 

9.4.9 Sulfur Oxidation 

Just as reduced nitrogen serves as an energy source for 
some chemoautotrophic bacteria, so does reduced sul- 
fur. The difference is that some of the sulfur-oxidizing 
bacteria are chemoautotrophs, some are photoau- 
totrophs, and others are facultative autotrophs. One 
group is completely analogous to the nitrifiers; they 
obligately oxidize reduced sulfur to provide the 
energy necessary to fix carbon dioxide. These organ- 
isms include members of the genera Beggiatoa and 
Thiothrix and some species of Thiobacillus. Other mem- 
bers of Thiobacillus are facultative autotrophs; they 
derive energy from reduced sulfur compounds but 
can utilize organic compounds to supply the carbon 
for bios5mthesis (e.g., T. novellas and T. intermedins). 
These two groups of organisms are often referred 
to collectively as the colorless sulfur bacteria to distin- 
guish them from the third group, the photosynthetic 
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FIGURE 9.9 Extensive covering of a salt marsh sediment 
surface with purple sulfur bacteria. These organisms are 
photosynthetic and use HjS not for energy but as a source 
of electrons analogous to the use of H2O for electrons in the 
light reaction of green plants. 

sulfur-oxidizing bacteria that often form green or 
purple mats on the surface of salt marsh due to the 
photosynthetic pigments they contain (Fig. 9 . 9 ). As 
the name of this group suggests, the photos5mthetic 
green and purple sulfur bacteria use sunlight to sup- 
ply the energy for carbon fixation. Instead of using 
water molecules as a source of electrons during pho- 
tos5mthesis, the green and purple sulfur bacteria use 
reduced sulfur compounds as a source of electrons. 
As a result, oxygen is not a by-product of photos5m- 
thesis by the green and purple sulfur bacteria and is 
referred to as anoxygenic photosynthesis. 

The inorganic compounds of sulfur that are oxi- 
dized represent oxidation states from —2 (H2S) to 
-1-6 (SO4 — an eight electron shift. Not all these 

transformations require enzymes, but all of them can 
be enzymatically mediated. Sulfides (HS~, HjS), S° 
(elemental sulfur), and 8203^^ (thiosulfate) can be 
oxidized slowly by chemical means, but microbiolog- 
ical oxidation can exceed the equivalent geochemical 
reaction by around six orders of magnitude under 
conditions appropriate for microbial growth (Stumm 
and Morgan, 1996 ). The colorless sulfur oxidizers are 
very sensitive to environmental conditions. They are 
sensitive to hydrogen ion concentrations because they 
require HS~, which is favored by circumneutral pHs, 
so they are found in highly buffered systems such as 
oceans and estuaries. Chemoautotrophic sulfur oxi- 
dizers require an adequate supply of O2. Because 
sulfides are generated by sulfate-reducing bacteria 
(SRB) under anaerobic conditions (see below), sul- 
fur oxidizers must live on the edge at the interface 
between anaerobic and aerobic conditions exposed 



to flooding by sulfate-rich seawater. Salt marshes 
provide just such an environment and so these organ- 
isms are commonly encountered on the surface of salt 
marsh soils. In the water column, sulfur-oxidizing 
bacteria can often be found either on the surface of 
the sediment when the entire water column is aerobic 
or at the oxic-anoxic interface when the underly- 
ing water is anaerobic. Because sulfur oxidizers are 
chemolithoautotrophs, they do not require organic 
carbon for their growth and are not involved in car- 
bon mineralization in a direct way. Most are aerobes, 
but some, including Thiobacillus denitrificans, can grow 
anaerobically using nitrate (N03~) as a terminal elec- 
tron acceptor (oxidizing agent). 

These organisms carry out the following reac- 
tions: 

HS- +n++ ^1202 ^ S° -t H2O, 

AG= - 209 kJ/molS 
S° -t I.5O2 -t H2O ^ 2 H+ -t S 04 ^-, 

AG= - 628 kJ/molS. 

Thiobacillus thiooxidans and Thiobacillus ferroxidans 
(recently renamed Acidthiobacillus) are interesting 
organisms. Together they oxidize S and Fe^+ found 
in metal sulfides such as pyrite (FeS2), which is 
common in many salt marshes. The reactions that 
these organisms carry out sum to the following: 

4 FeS 2 -t I5O2 -t I4H2O ^ 4 Fe^+ 

-t 30 R- -t- 16 H+ -t 8 SO^^ 

which yields energy to both organisms. 

The photos5mthetic sulfur oxidizers are also sen- 
sitive to environmental conditions. The conundrum 
they face is the combined requirement for reduced 
sulfur produced under anaerobic conditions and suf- 
ficient light to support carbon fixation. Consequently, 
the photos5mthetic green and purple sulfur bacte- 
ria are most abundant on the surface of salt marsh 
soils and sediments receiving sufficient light to sup- 
port photos5mthesis. These organisms carry out the 
following reactions: 

CO2 -t- 2FI2S + light energy ->• 

CH2O -t 2 S° -t H2O 

CO2 -|- S° -t 2IT2O -t O2 -t light energy ^ 
CH20-t2H+-tS0^^. 

The significance of sulfur oxidation in estuaries is 
that the ultimate end product of the process is sulfate 
(S04^^), a nontoxic sulfur form highly abundant in 
marine systems of all kinds. Indeed, Lavik et al. ( 2009 ) 
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credit chemoautotrophic sulfur oxidation with detox- 
ifying sulfidic waters in parts of fhe open ocean, mak- 
ing the surface wafers overlying sulfide-rich areas 
habifable for fish and ofher nekton. Rates of sulfur 
oxidation vary widely among estuarine habitats; oxi- 
dation of H2S in Chesapeake Bay range from minutes 
near the sediment surface in deep water to hours 
in surface wafer (Millero, 1991 ). In addition, sulfate 
plays a critical role in anaerobic mineralization of the 
organic matter, especially in salt marshes. We discuss 
this important process and the organisms carrying 
out the process in the following secfion. 

9.4.10 Dissimilatory Sulfate Reduction 

Mosf osmotrophic organisms take up 804^^ and 
reduce it to HS~ for assimilafion into biomass rather 
than using free H2S, which is toxic to many organ- 
isms. Some prokaryotes, however, can use 804^^ as a 
terminal electron acceptor for the oxidation of organic 
matter. This process is referred to as dissimilatory sul- 
fate reduction to distinguish it from sulfate uptake and 
reduction for assimilafion. Mosf of the sulfides (H2S, 
HS~, metal sulfides, efc.) that accumulate in estuar- 
ies are produced via dissimilatory sulfate reduction, 
although anaerobic mineralization of organic sulfur 
compounds leads to the same product (e.g., mineral- 
ization of fhe amino acids mefhoinine and cysfeine). 
Like fhe bacteria carrying out the analogous pro- 
cess in the nitrogen cycle (denitrifiers), the 8RB are 
heterotrophs. In contrast to the diversity of denifri- 
fiers, however, there are just a few t5rpes of 8RB. 
In addition, 8RB are all obligate anaerobes, whereas 
the denitrifiers are mostly facultative. While the pres- 
ence of oxygen slows, or even slops, denitrification, 
the organisms continue to respire using oxygen. The 
presence of O2 also halts sulfate reduction; however, 
the 8RB only tolerate oxygen, that is, O2 does not kill 
the bacteria, but it does prevent the 8RB from min- 
eralizing organic matter. When anaerobic conditions 
reoccur, sulfate reduction recommences. 

8everal 8RB exist with a variety of physiologies. 
The mosf commonly sfudied organisms are Desul- 
fovibrio spp. — nonspore forming obligate anaerobes 
fhat produce H28 from 804^^ rapidly. However, 
Leloup ef al. ( 2007 ) suggesf fhaf in some sedimenfs, 
sulfate reduction is largely carried ouf by a very 
diverse group of heretofore uncultured 8RB. The 
reaction 8RB carry out is as follows: 

2 (CH 20 ) -H so/- + 2 H+ ^ H28 -H 2CO2 -H 2H2O. 

Because dissimilatory sulfate reduction is a het- 
erotrophic process, it is enhanced by the addition 
of organic maferials. The process also depends on 



an adequate supply of sulfate and can be limited in 
salt marsh soils regularly inundated by full sfrength 
seawater, even though the concentration of sulfate 
in seawater is t5rpically 28 mM. In natural settings, 
acetate, lactate, and volatile fatty acids are the most 
common energy source used by the 8RB (Finke et al., 
2007 ). Thus, 8RB are dependent on the activities of 
fermenfing microorganisms fhat convert complex 
carbohydrates and sugars to the low molecular 
weight organic acids. 

In the largely anaerobic sediments and soils 
of esfuaries, dissimilatory sulfate reduction is an 
extremely important process. 8RB pass energy from 
plants to food chains based on reduced sulfur. Dur- 
ing the reduction of 804^^, some of fhe chemical 
energy from fhe organic compounds is transferred 
to the sulfide. When the sulfide is fhen oxidized by 
chemoautotrophic sulfur oxidizers, fhe CO2 thaf is 
fixed becomes parf of fhe organic pool fhat can ulti- 
mately support production in higher trophic levels 
(Howarth and Teal, 1980 ). Well over half the organic 
matter mineralized in salt marsh sediments occurs 
via dissimilatory sulfate reduction (Jorgensen, 1980 ; 
Howarth and Hobbie, 1982 ; Howes et al., 1984 ). 

9.4.11 Volatile Sulfur Compounds 

Attempts to characterize the global cycling and behav- 
ior of sulfur in the atmosphere in the 1980 s suggested 
the importance of marine and estuarine microbes in 
the production of volafile sulfur, particularly in salt 
marshes. 8alt marshes are an ideal environment for 
the formation of volatile sulfur compounds because 
the soils are anaerobic just a few cenfimefers to a 
few millimeters below the surface, are rich in organic 
materials, and 804^^ is replenished each time the 
soils are flooded. Those volafile sulfur compounds 
thaf enter fhe afmosphere are evenfually oxidized to 
sulfur dioxide (8O2) and sulfate (8O4 ~) and con- 
tribute to the acidification of precipifafion (Andreae 
and Jaeschke, 1992 ). 8everal key steps in the nitrogen 
cycle are adversely affected by sulfur gases or their 
atmospheric alteration products — for example, the 
cyanobacteria are more sensitive to H803^ than algae 
or heterotrophs and nitrification may be retarded by 
methanethiol, DM8, and H28. 

A variety of volafile sulfur compounds are 
biogenically produced (Table 9 . 4 ). Of these, H28 and 
DM8 are the dominant gases released to the atmo- 
sphere (Giblin and Wieder, 1992 ). Hydrogen sulfide 
is produced during dissimilatory sulfate reduction 
as described above, and volatile organic sulfur 
compounds such as DM8 and mefhanefhiol are pro- 
duce during the decomposition of sulfur-containing 
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TABLE 9.4 Volatile products of microbial sulfur cycling 



Sulfur gas 


Name 


Release to the atmosphere from salt marshes (Tg/year) 


H2S 


Hydrogen sulfide 


0.8-0.9 


CH3SCH3 


Dimethylsulfide (DMS) 


0.58 


H3CSSCH3 


Dimethyidisulfide (DMDS) 


0.13 


H3CSH 


Methanethiol 


ng 


CH3SCOCH3 


Methane thioacetate 


ng 


C2H6S 


Ethanethiol 


ng 


C 4 H,oS 2 


Diethyl disulfide 


ng 


CS2 


Carbon disulfide 


0.07 


cos 


carbonyl sulfide 


0.12 



Abbreviation: ng, not given. 

Source: Estimates of annual emissions to the atmosphere are from the study by Lomans et al. (2002). 



organic molecules, including dimethylsulfonio- 
propionate (DMSP), an osmolyte in many algae, 
dinoflagellates, and marsh plants (Dickson et al., 
1980; Dacey and Blough, 1987; Turner et al., 1988; 
Lomans et al., 2002). Indeed, genes for DMSP 
metabolism are present in a wide variety of highly 
abundanf marine organisms (Howard ef al., 2008), 
and fhe DMSP molecule is considered fo be one of 
fhe mosf imporfanf in fhe marine cycling of sulfur 
fhrough plankfonic microbes (Kiene ef al., 2000). 

Emissions of volafile sulfur compounds from 
esfuarine habifafs are highly variable bofh spafially 
and femporally (Table 9.4; Giblin and Wieder, 1992) 
and are only a small fracfion of fhe global sulfur 
budgef; 1-2% of fhe 78.9-142.6 Tg S produced each 
year (Andreae, 1984; Lomans ef al., 2002). A variefy of 
factors influence volatile sulfur emissions, including 
femperafure (Hicks and Lamonfagne, 2006), diurnal 
cycles (Cooper ef al., 1987; Demello ef al., 1987), 
soil saturation (Peterson et al., 1983; Steudler and 
Peterson, 1985), salinity (DeLaune et al., 2002a,b), 
soil sulfate content (DeLaune et al., 2002b), and soil 
texture (Cooper et al., 1987). These factors affect 
microbial activity, as well as abiotic sulfur reactions. 

9.4.12 Iron, Manganese, and Organisms 

Bofh iron and manganese are highly reactive ele- 
menfs fhat are cycled through various redox states 
by a combination of biological and abiological pro- 
cesses. Oxidation and reduction reactions for fhese 
elemenfs are quife common, wifh O2 being fhe dom- 
inant electron acceptor for oxidafion (N03^ has also 
been implicafed along wifh chlorate and perchlorafe 
in some confaminafed environmenfs, Weber ef al., 
2006). Reduction of Fe^+ and Mn^+ is largely a pro- 
cess in which fhe mefals serve as fhe elecfron acceptor 
for fhe oxidafion of a variefy of organic and inorganic 
compounds. In anoxic esfuarine sedimenfs, sulfide 



abiofically reduces Fe^+, buf fhere is ample evidence 
fhaf some microbes capfure energy using iron as fhe 
elecfron accepfor during anaerobic carbon oxidafion: 

Acefafe- -6 8Fe^+ -6 THjO ^ 2HCO3- 
+ 8Fe2+ 9H+, AG = -233 kj 

in which fhe energy yield is calculated for fhe use 
of acefate as fhe elecfron donor/ energy source (after 
Froelich et al., 1978). 

In the oxidation of iron, fhe energy yield per mole 
of iron oxidized is quife low, 

Fe^+ -E 1/4O2 -6 5/2H2O ^ Fe(OH)3 -E 2H+, 

AG (pH 7) = -18 kJ 

buf fhe abundance of iron in fhe environment is 
high, and it is readily recycled by microbial reduc- 
tion to Fe(II) from Fe(III). Thus, by oxidizing a large 
amounf of iron, iron-oxidizing chemolifhoaufofrophs 
can exploif fhe small amounf of energy released by 
fhe reacfion fo fuel fheir bios5mfhesis and growfh. 

Af circumneufral pH, iron exisfs predominanfly 
as Fe(III), and fhe conversion from Fe(II) occurs 
rapidly even in fhe absence of microbial activity. 
Because the pH of fhe ocean and mosf esfuarine habi- 
fats is af or above pH 7, biological iron oxidafion 
may nof be a quanfifafively important process. Iron- 
oxidizing bacteria in estuaries are not as well studied 
as their terrestrial counterparts. Because of fhe sfrong 
pH buffer found in brackish-wafer sysfems, fhe com- 
mon acidophilic Fe oxidizers such as Acidithiobacil- 
lus ferrooxidans are uncommon. Neverfheless, some 
sfrains fhaf oxidize iron under circumneufral pH 
conditions have been idenfified and recovered from 
esfuaries. For example, Gallionella spp. are organ- 
isms fhaf become coated in iron-oxide precipifafes 
as fhey grow (Fe^+ rapidly hydrolyzes fo fhe insolu- 
ble Fe(OH)3 af circumneufral pH). The habifaf mosf 
conducive fo iron oxidafion in esfuaries would be 
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a microaerophilic one (very low oxygen) such as at 
the interface of fhe oxic and anoxic zones. Such a 
habifaf would offer a juxfaposifion of condifions fhaf 
would promofe iron reduction wifh fhose fhaf would 
allow iron oxidafion (i.e., presence of reduced iron 
and oxygen). One such habifaf is fhe exposed surface 
of fhe sedimenf of marshes where, under anaerobic 
condifions, Fe(II) compounds may exisf, especially as 
producfs of anaerobic iron reducfion. 

Anofher habifaf where Fe oxidafion is observed 
is fhe rhizosphere of salf marshes, where planfs offen 
creafe a sharp oxic -anoxic inf erf ace in association 
wifh fheir roofs. Iron oxidafion can occur biologically 
or abiologically on or very near fhe roof surface where 
O 2 penefrafes an ofherwise anoxic environmenf. The 
proximify of an oxidizing zone immediafely adja- 
cenf fo anaerobic sedimenfs makes an ideal habifaf 
for rapid cycling of iron, bofh oxidafive and reduc- 
five processes. Organisms suifed fo a wide range of 
macroenvironmenfs can cycle iron in fhe rhizosphere. 
For example. King and Garey (1999) compared fwo 
sfrains of iron-reducing bacferia, one from macro- 
phyfe roofs in fresh wafer sedimenfs and one from 
roofs of marine macrophyfes. Their resulfs indicafed 
fhaf while fhe fwo isolafes were quife similar in many 
of fheir characferisfics, iron reducfion by fhe fresh 
wafer isolafe decreased wifh increasing salinify, while 
reducfion by fhe marine isolafe displayed a relatively 
broad optimum salinify between 20 and 35 psu. 

Shewanella spp. may be fhe dominanf iron- 
oxidizing organisms in esfuarine and marine 
sysfems. Alfhough fhese organisms are considered 
marine, members of fhe genus are widespread, 
and are frequenfly recovered from soil and fresh 
wafer, as well as from esfuarine and marine habifafs, 
and fhey have even been implicafed in sepficemias 
(bloodsfream infections). The organism has been 
known for some fime and fhe t 5 qte species was 
originally referred fo as Pseudomonas putrifaciens. 

In marine sysfems, mosf commonly in oceanic 
habifafs as opposed fo esfuarine environmenfs, fhe 
oxidafion of Mn(II) fo Mn(IV) is frequenfly observed. 
In facf, af oceanic sedimenf surfaces, fhe reacfion can 
resulf in fhe formation of concretions (nodules) fhaf 
confain bofh Fe and Mn. While nodules can be found 
widely in soils and lakes, fhose in active areas of 
fhe sea floor are commonly 5-10 cm in diamefer. 
Alfhough fhe oxidafion of Mn yields energy (Erlich, 
1978), 

Mn^+ -t I/ 2 O 2 -t H 2 O ^ Mn02 -t 2H+, 

AG = -68.2 kj 

many of fhe organisms fhaf carry ouf fhe reactions 
are heferofrophs, including Bacillus spp.. Pseudomonas 



spp., Leptothrix spp., and some fungi as well as a 
number of ofher organisms in fhe Profeobacferia, Fir- 
micufes, Acfinobacferia, and several organisms nof 
included in any of fhese groups (Tebo ef al., 2004). If 
is nof clear how, or even if, fhe organisms fake advan- 
fage of fhe pofenfial for energy gain by conducfing 
fhis reacfion. In esfuarine habifafs, fhe mosf likely 
place fo find Mn oxidizers is af fhe oxic -anoxic infer- 
faces where a supply of bofh Mn(II) and O 2 mighf 
be presenf (Tebo ef al., 2004). In fhaf location, as 
occurs for iron cycling, bofh oxidafion and reducfion 
of manganese can occur in close proximify. 

As wifh iron and a number of ofher inorganic 
redox species, Mn reducfion serves as an elecfron sink 
for fhe oxidafion of organic maffer (primarily) and 
some inorganics (probably fo a much lesser exfenf). 
Alfhough liffle is known abouf manganese reducfion 
in marshes and esfuaries, fhe observation of similar 
porewafer concenfrafions of Fe^+ and Mn^+ suggesfs 
fhaf rafes of reducfion mighf be similar. Indeed, fhe 
primary confrol on rafes of reducfion of bofh iron and 
manganese may be fhe relative availabilify of fhe reac- 
five oxides in fhe solid phase (Joye ef al., 1996). Like 
iron, manganese can be bofh oxidized and reduced 
abiofically; Joye ef al. (1996) reporfed fhaf half of 
fhe manganese mobilizafion (reducfion of insoluble 
Mn 02 fo fhe soluble Mn^+) in microbial mafs in a 
Georgia salf marsh was biological. Gonfinued exam- 
ination of bofh iron and manganese is needed fo 
delineafe fhe exacf microbial role wifh respecf fo each 
in fhe biogeochemisfry of esfuarine marshes. 

9.4.13 Phosphorous and Organisms 

The phosphorus cycle in esfuaries is much simpler 
fhan any of fhe elemenfs discussed so far because 
phosphorus does nof serve as an elecfron acceptor or 
donor during microbial mefabolism. As a resulf, fhe 
cycle can be summarized simply as one of assimilafion 
and mineralizafion. Neverfheless, fhe phosphorus 
cycle is regulafed bofh direcfly and indirecfly by fhe 
activity of microorganisms. Because phosphorus is 
so biologically and chemically reactive, fhe residence 
fime of dissolved phosphafe is shorf (Pomeroy, 1960). 
Inorganic dissolved phosphafe is biologically immo- 
bilized by aufofrophic and heferofrophic micro- and 
macroorganisms. Physical-chemical processes, espe- 
cially sorptive interactions wifh sedimenf parficles, 
remove dissolved phosphafe from fhe wafer column 
(Welsh, 1980). Release of inorganic phosphafe info fhe 
wafer column may resulf from biological processes in 
fhe sedimenfs. 

Phosphafe is faken up and released biologically 
and abiologically by bofh aerobic and anaerobic sedi- 
menf, alfhough more exchange occurs between water 
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and anaerobic sediments. Exchange is greater if sedi- 
ments are disturbed than undisturbed (Pomeroy et al., 
1965). As oxygen slowly diffuses info sedimenfs, if is 
rapidly consumed by sedimenf microorganisms. As 
fhe oxygen concenfrafion is deplefed wifh depfh, 
dissimilafory sulfafe reduction dominafes, producing 
sulfide, which decreases fhe redox pofenfial, causing 
dissolufion of reactive iron and manganese phos- 
phafes and release of inorganic phosphafe fo fhe 
wafer column (Froelich, 1988; Chambers and Odum, 
1990; Thamdrup ef al., 1994; Kemp ef al., 2009). In 
addition, active reducfion of fhe iron and manganese 
compounds (offen oxides) by microbes can greafly 
accelerafe fhe release of phosphorus by fhis means. 
If fhe surface of fhe sedimenf remains aerobic, much 
of fhis phosphafe is again made insoluble as if dif- 
fuses, or is mixed by biofurbafion, info fhe aerobic 
zones. If fhe overlying wafers are anoxic, however, 
fhe phosphafe may enfer fhe wafer column, sfimulaf- 
ing phofos 5 mfhesis. Thus, fhe availabilify of inorganic 
phosphafe fo esfuarine phytoplankton depends on 
indirecf and direcf microbial processes in fhe wafer 
and sedimenfs. 



9.5 MICROBES AND ECOSYSTEM 
PROCESSES 



Organisms as small as microbes can have ecosysfem- 
level impacfs because fhey are so abundanf and fhe 
processes fhey mediate occur so rapidly. Throughouf 
fhis chapter, fhe imporfance of microbes fo esfuarine 
ecosysfems has been implicif. This secfion provides 
an overview of fhe kinds of landscape-scale charac- 
teristics of ecosysfems affected by microorganisms. 

9.5.1 Nutrient Cycling 

Many of fhe fransformafions described previously are 
uniquely microbial, while for ofhers, fhe rafes are con- 
frolled by microorganisms, even fhough fhe microbes 
do nof direcfly cafalyze fhe reacfions. For example, 
microbial oxygen consumption during organic matter 
decay can confrol fhe rate and exfenf of phosphorus 
complexafion wifh iron. The carbon, nifrogen, sulfur, 
oxygen, and phosphorus cycles are sfrongly regu- 
lated, as are fhe cycles of many mefals, bofh direcfly 
and indirecfly by microbes. 

None of fhe processes we have described occurs 
in isolafion. Where reducfion of an elemenf occurs, 
fhe reacfion musf be coupled fo an oxidation. If is fhe 
coupling of oxidafion and reducfion (redox) reacfions 
fhaf leads fo fhe cyclical nafure of many ecosysfem 



nufrienf fransformafions. The redox cycles of bofh 
nifrogen and sulfur by assemblages of heferofrophs 
and chemoaufofrophs represenf excellenf examples of 
fhis phenomenon. In ofher cases, for example, phos- 
phorous, oxidafion and reducfion of fhe P afom does 
nof occur, buf upfake and release of P 04 ^^ by organ- 
isms is confrolled by fhe accumulation of biomass 
based on energy frapped from oxidations of ofher 
reduced elemenfs. The energy driving fhose reacfions 
is ultimately derived from sunlighf or from reduced 
inorganic compounds, which have eifher geological 
origins or which confain solar energy capfured bio- 
logically and stored femporarily. If is fhe balance of 
fhese redox processes fhaf resulf in observed ecosys- 
fem nufrienf cycling. 

9.5.2 Productivity 

Microbes regulate rafes of ecosysfem primary produc- 
tion direcfly and indirecfly: while many make nufri- 
enfs available fhrough mineralization, ofher microbes 
are primary producers fhemselves, and fhey compefe 
wifh planfs and macroalgae for inorganic nufrienfs. 
When lighf is available, bofh oxygenic and anoxygenic 
phofoaufofrophs confribufe fo primary production. 
Phofoaufofrophs fend fo dominafe prokaryotic pri- 
mary producers af fhe ecosysfem level confribufing 
between 2% and 28% fo fhe fofal chlorophyll-a pool 
in fhe esfuarine wafer column (Teixeira and Gaefa, 
1991; Iriarfe, 1993; Sin ef al., 2000); locally, however, 
chemoaufofrophic primary producers, fhose using 
reduced inorganic compounds for reducing power, 
can be an imporfanf source of organic maffer (Kris- 
fensen and Hansen, 1995; Evrard ef al., 2008). 

Microorganisms are also imporfanf secondary 
producers. In esfuaries, fhere is a positive relafionship 
between bacterial abundance and protozoan grazers 
and between bacterial growth and protozoan graz- 
ing rates (Sanders et al., 1992). Protozoa are directly 
involved in aquatic food webs as an intermediate link 
between bacteria and zooplankton. Thus, when bac- 
teria are grazed by protozoa, bacterial biomass enters 
the food web — a microbially based food web (a topic 
covered in Chapter 10) — and some primary produc- 
tion that might otherwise be lost from the ecosystem 
as CO 2 through mineralization of dead primary pro- 
ducers remains in the ecosystem as bacterial cells. 
As a result of the retention of microbial community 
secondary production within the system, energy and 
organic matter may be conserved for macrofauna and 
eventually harvested by humans. 

9.5.3 Organic Matter and Decomposition 

Carbon is arguably the single most important element 
in estuaries. For example, plants and microbes are 
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approximately 40-50% carbon on a dry weight basis. 
Higher animals are as well if the bony skeleton is 
ignored. High fishery production is relafed fo organic 
matter (Nixon, 1980; Day ef al., 1989), and a major parf 
of energy flow in mosf esfuaries is based on organic 
matter. In facf, more organic matter is processed per 
unif area in esfuaries fhan any ofher f 5 rpe of ecosysfem 
(Odum, 1983). 

Decomposition of organic matter is one of fhe key 
functions for mainfenance of esfuarine ecosysfems. 
During decay of organic maffer, inorganic com- 
pounds are released fhaf can be used by aufofrophic 
and heferofrophic macro- and microorganisms fo 
supporf fheir growfh. While decomposition is an 
infegrafed process involving physical, chemical, 
and biological forces, if is performed primarily by 
heferofrophic microorganisms. Microbial processes 
and communify diversify (evenness and richness) are 
confrolled by many facfors, including organic maffer 
qualify (suscepfibilify fo decay), subsfrafe parficle 
size, edaphic conditions, and climate. Advances 
in molecular, especially genomic, methods have 
revealed large numbers of new and inferesfing 
microbes in esfuaries, and assigning fhose organisms 
fo specific funcfions represenfs fhe nexf major 
challenge for esfuarine microbiologisfs. 

The organic maffer in esfuaries comes from sev- 
eral sources: phytoplankton, terrestrial, salt marsh 
plants, and aquatic plants, as well as animal carcasses 
and waste products. The chemical and physical het- 
erogeneity of organic matter sources is a reflection 
of fhe diversify of sources and fhe complexify of 
fhe biochemicals composing living fhings. As organic 
maffer decays, fhe wafer-soluble fractions are losf 
rapidly, generally within several days of deafh of fhe 
primary producer, and fhe percentage of ofher mate- 
rials rises (Fig. 9.10). Valiela ef al. (1984) referred fo 
fhis sfage of decay as fhe leaching phase. Bofh labile 
(rapidly mineralized) and refracfory (slowly mineral- 
ized) compounds are leached from fhe organic maffer. 
There is often an inifial decrease in fhe nifrogen con- 
fenf (Odum and de la Cruz, 1967) fhaf corresponds 
fo a rapid increase in bacterial biomass (Blum and 
Mills, 1991). The second sfage of decay, fhe decom- 
poser phase, occurs more slowly as fungi and bacferia 
colonize fhe tissues and begin fo mineralize easily 
mefabolized defrifal consfifuenfs such as cellulose 
and hemicellulose. Loss of cellulose and hemicel- 
lulose resulfs in weakening of fhe fibrous tissues 
and fhey are broken info smaller pieces. Mechan- 
ical grinding of fhe tissues by amphipods, grass 
shrimp, and ofher macrofauna reduces fhe parficle 
size and increases fhe surface area for furfher micro- 
bial colonization. As fhe percenfage of fhe cellulosic 




FIGURE 9.10 Cumulative percentage of the major chemi- 
cal constituents of Spartina alterniflora litter during decay. 
Source: Figure redrawn from Valiela et al. (1984). 



materials falls, fhe percenfage of recalcifrant com- 
pounds increases and decomposition slows. During 
the final sfage of decay, fhe refracfory phase, very 
complex, difficulf fo degrade materials remain (lignin, 
waxes, resins, and pigments) and decay proceeds 
even more slowly than in the second stage. All partic- 
ulate organic matter, regardless of fhe source, follows 
fhis general scheme, alfhough fhe rafes of decay vary 
widely depending on fhe organic maffer characferis- 
fics and environmenfal conditions. Dissolved organic 
maffer also follows fhe pattern of rapid decay of 
labile fractions followed by a slower breakdown of 
refracfory compounds. 

Many environmenfal facfors regulafe fhe rate of 
decomposition and fhe processes described above. 
Temper afure and oxygen (or ofher terminal elecfron 
acceptor) availabilify are mosf frequenfly noted as 
fhe primary regulating facfors. Ofher facfors affecf- 
ing decomposition include organic maffer nifrogen 
contenf and particle size. All these factors are inter- 
related and the impact of one is often determined by 
fhe condifion of fhe ofhers. 

Temperafure regulates fhe rafes at which 
metabolic processes occur, including decomposition, 
and is a determinant of communify sfrucfure fhrough 
ifs impacf on fhe growth of individual populations. 
Increases in temperafure are fypically accompanied 
by increases in process rates over the range of 
femperafures supporting microbial growfh. Many 
sfudies have focused on seasonal effecfs fhaf are 
mosf often relafed fo femperafure changes. The 
lafifudinal differences in climafic femperafure should 
after fhe nafure of microbial communities, buf 
direcf, systematic, comparative sfudies on microbial 
processes and communify sfrucfure in esfuaries wifh 
difterenf climates are rare (Newell ef al., 2000; Blum 
ef al., 2004). 
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FIGURE 9.11 Comparison of the degradation rates of detri- 
tus derived from Juncus (Heald, 1969), Thalassia (Zieman, 
1975), Zostera (Burkholder and Doheny, 1968), and Spartina 
(Odum and de la Cruz, 1967). Source: Figure redrawn from 
Day and Christian (1989). 

The presence or absence of oxygen has a major 
impact on which of the metabolic processes described 
will occur and is a determinant of community struc- 
ture 0orgensen, 1980). Aerobic organisms flourish 
in the presence of oxygen. As oxygen concentration 
decreases within a habitat, the oxidation-reduction 
potential (Eh) becomes controlled more by the pres- 
ence and state of elements other than oxygen. Oxygen, 
nitrate, ferrous iron, sulfate, carbon dioxide, and 
some organic molecules (e.g., pyruvate and acetalde- 
hyde), in this order, can be used as terminal electron 
acceptors by various bacterial populations to decom- 
pose organic matter. Heterotrophic microbes respir- 
ing using nitrate, ferrous iron, sulfate, and carbon 
dioxide in respiration (anaerobic respiration) and fer- 
menting microbes dominate the community in the 
absence of oxygen. Thus, microbial community struc- 
ture and the processes the community carries out 
are altered dramatically with increasing depth in the 
water column and the sediment (e.g., Jorgensen, 2006; 
Lin et al., 2007; Glud, 2008). 

Organic matter in estuaries tends to have a high 
ratio of carbon to nitrogen (t5rpically exceeding 20:1). 
Since microbes have a C:N ratio of approximately 
10:1, a source of inorganic nitrogen may be required 
for growth. Both oxidized (N02^ and N03^) and 
reduced (NH4+) forms of nitrogen are good external 
sources of nitrogen for microbes. The assimila- 
tion of inorganic nitrogen (as well as other plant 
macronutrients, e.g., P, K, and Ca) from the microbes' 
environment during the assimilation of organic 
carbon can reduce the quantity of plant-available 
nutrients such that these nutrients are limiting to 
plant growth. Because microbial immobilization of 
nutrients is proportional to the amount of carbon 



assimilated by microbes, the C:N, C:P, C:K, etc. ratios 
of organic matter in estuaries becomes an important 
factor in nutrient cycling. Generally, organic mate- 
rials with low C:N ratios are decayed more rapidly 
than those with high G:N ratios; however, there are 
notable exceptions — for example, the simple sugars 
(GgH4205) that turn over very rapidly in estuaries. 
Thus, that /. roemerianus decays more slowly than 
Spartina alterniflora or the seagrasses, Zostera marina, 
and Thalassia testudinum would be predicted based 
on the C:N (65:1, 35:1, 30:1, and 25:1, C:N ratio, 
respectively) of these plant tissues (Fig. 9.11). 

9.6 SUMMARY 



Communities of microorganisms and the processes 
they carry out exhibit temporal and spatial complex- 
ity in estuarine ecosystems that is only just beginning 
to be understood. Many of the important questions 
remaining to be answered about microbial communi- 
ties in estuaries are dependent on the availability 
of appropriate techniques. What is known about 
microbes is that they are more abundant, diverse, 
and active in estuaries than any other group of organ- 
isms. They are major participants in all the important 
ecosystem functions such as nutrient cycling, photo- 
synthesis, and decomposition. Many of the biological 
transformations of the carbon, nitrogen, and sulfur 
cycles are uniquely microbial. These processes were 
occurring two billion years before present, or more, 
and at least one billion years before plants and ani- 
mals evolved (Margulis and Dolan, 2002). The early 
evolution of microorganisms, especially the Bacte- 
ria and Archaea, allowed them to become extremely 
diverse. As a consequence, they contribute to ecosys- 
tem biogeochemical resilience, trophic d5mamics, and 
resistance to invasion. Although microbial communi- 
ties are diverse and the numbers of individuals in the 
community are large, not all individuals are active 
at any given time or place as a result of variation in 
the physical, chemical, and biological characteristics 
of estuary. This variation gives rise to differences in 
microbial community composition, which processes 
are carried out, and at what rate the processes occur. 
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ESTUARINE MICROBIAL FOOD WEBS 

Byron C. Crump, Hugh W. Ducklow, and John E. Hobbie 



10.1 INTRODUCTION 



The organisms of planktonic ecosystems organize in 
an intricate food web; carbon and energy pass from 
one functional level to another in a well-ordered sys- 
tem following rules of function and size for primary 
producers, consumers, and decomposers. Until the 
1970s and 1980s, the prevailing ecological scheme 
showed carbon and energy, packaged by phyto- 
plankton, moving through the food web as particles 
and organisms. Since then, scientists have realized 
that bacteria and dissolved organic carbon (DOC) 
must be added to the scheme as major components 
of the planktonic food web. The smallest organ- 
isms of the planktonic food web, viruses, bacteria, 
algae, and ciliates, make up the microbial food web 
along with particulate and dissolved organic matter 
(DOM). 

An idealized scheme of carbon flow through a 
planktonic food web (Fig. 10.1) emphasizes two dif- 
ferent modes of carbon transfer: as particles, which are 
consumed by phagotrophic organisms that directly 
ingest particles, and as DOC that is consumed by 
bacteria. In this ocean food web, DOC is produced 
by phytoplankton during photos 5 mthesis and during 
their decomposition. It is also released during the 
process of phagotrophy as flagellates, ciliates, and 
other organisms crush, eat, and digest particles. Bac- 
teria recover DOC, and these bacteria, in turn, are 
consumed by phagotrophs. 



A critical role of heterotrophic bacteria in natural 
ecosystems is the remineralization of organic matter 
(OM; see Chapters 3 and 9). Bacteria oxidize organic 
carbon and recycle organic nitrogen, phosphorous, 
and other nutrients into inorganic forms for subse- 
quent uptake by primary producers. But it turns out 
that bacteria do not carry out these processes by 
themselves. While bacteria remineralize a portion of 
their OM diet, they also convert a significant fraction 
into new bacterial biomass. So it falls to the bac- 
terivores (organisms that graze on bacteria), mainly 
heterotrophic nanoflagellates, and to predators on the 
bacterivores to digest bacterial biomass. As a commu- 
nity, these organisms cooperate in remineralization, 
oxidizing most of the OM they consume. In this way, 
the microbial food web acts as a so-called sink for OM. 

But this bacteria-based community can also func- 
tion as a microscopic food chain that transfers mate- 
rials and energy from nonliving OM through bacteria 
to higher trophic levels. Incubation experiments using 

as a tracer of bacterial biomass confirm that bac- 
teria can contribute to the diet of zooplankton such 
as copepods and rotifers (Havens et al., 2000; Work 
et al., 2005). How important bacterial biomass is in 
this diet remains a subject of debate, but in this way, 
the bacteria-based microbial food web links higher 
trophic levels to DOM. 

Microbial food webs are best described for purely 
pelagic, stable, and self-contained ecosystems such as 
the open ocean, where the organisms involved are 
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FIGURE 10.1 Idealized scheme of carbon flow in a planktonic food web. Source: Figure 2 in Thingstad (2000). 



all planktonic, nutrients are scarce, and the main 
OM supply is phytoplankton. In contrast, most estu- 
aries are anything but purely pelagic, being often 
very shallow and heavily influenced by benthos, 
marshes, and seagrass beds. They are also anything 
but stable, often having energetic hydrodynamics, 
limited water residence times, and strong gradients 
in salinity, nutrients, and oxygen. And finally, they 
are anything but self-contained, receiving material 
inputs from both land and the coastal ocean. 

In this chapter, we summarize our current under- 
standing of the standard oceanic microbial food web 
and then adapt that paradigm to the estuarine envi- 
ronment, describing how it is modified in estuaries 
by elevated primary productivity, multiple sources of 
OM, limited residence time, changes in the abundance 
and t 5 rpes of grazers, interactions with sediments and 
other surfaces, and strong gradients in temperature 
and salinity. 

10.2 THE MICROBIAL FOOD WEB 
OF THE OCEAN 



Much of the research on microbial food webs has been 
carried out in the pelagic ocean where there is no 
influence from land, all the organisms are planktonic, 
nutrients are scarce, and the main OM supply is 
phytoplankton. We describe this food web of the 
oligotrophic ocean in the following sections. 

10.2.1 The Organisms 

Bacteria in the plankton t 5 rpically look like small 
spheres or rods with a diameter of 0.5 pm or 



less. In this habitat, almost all bacteria function 
as osmotrophs. They release enzymes that break 
down complex organic particles and DOC to simple 
compounds such as sugars, amino acids, and fatty 
acids. The bacteria then transport these compounds 
through their cell wall. 

Bacteria are present in ocean waters at around 
1 million cells/ ml. When several milliliters of ocean 
water are filtered and the bacteria caught on the filter 
are observed with a fluorescent stain (Fig. 10.2), they 
appear to be abundant. Yet in the water, each tiny cell 
is actually spaced about 100 pm from adjacent cells. 

Flagellates are the next larger members of the 
microbial community. They are generally 2-20 pm in 
diameter or length. As pictured in a laboratory cul- 
ture in Figure 10.3, they move by flagellae, and feed 
by engulfing bacteria they encounter as they move 
through the water. Many flagellates are purely het- 
erotrophic, while others live only by photos 5 mthesis. 
The group of flagellates represented by the chryso- 
phyte seen in Figure 10.3 actually carries out both 
processes; they are called myxotrophs. Flagellates are 
much less abundant than their prey, the bacteria. In 
the ocean their numbers are around 10^ /ml or only 
one thousandth that of the bacteria. 

Ciliates are an order of magnitude larger than the 
flagellates and small algae they feed upon. The organ- 
ism shown in Figure 10.4 is about 80 pm in length 
and has been feeding on small diatom cells. These 
protists move by cilia and ingest particles through a 
mouthlike structure. Ciliates are even less abundant 
than flagellates, 1-10 cells/ml. 

Another component of the oceanic microbial com- 
munity is viruses. These small particles, t 5 rpically 
0.02-0.3 pm long, are made up of genetic material 
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FIGURE 10.2 Natural community of bacterioplankton. Source: Colorized SEM image by R. M. Morris, courtesy of micro- 
scope.mbl.edu. 




FIGURE 10.3 Poterioochromonas is a small chrysophyte alga that photosynthesizes but also engulfs bacteria. Source: Image by 
Bob Andersen and D. J. Patterson, courtesy of microscope.mbl.edu. 



surrounded by a protein coat. They are not mobile 
and function only when they encounter and invade 
a suitable host and take over its cellular machinery. 
Virus numbers are about 10 times those of bacteria 
or 10^ /ml. Fuhrman (2000) points out that viruses 
infect bacteria, cyanobacteria, and protists and sug- 
gests that viruses are important agents of mortality 
for these organisms. 

In the ocean, many of the phytoplankton are very 
small and must be considered a part of the microbial 
food web. Platt et al. (1983) estimated that 60-80% 
of oceanic primary productivity is carried out by 
phototrophs less than 1 — 3 pm in size. Although 
these organisms are extremely small, they can make 
up a large fraction of the total phytoplankton biomass 
and primary productivity (Sherr and Sherr, 2000). One 
abundant form, coccoid cyanobacteria of the genus 
Synechococcus, are about 1 pm in diameter and are 



found in the euphotic zone (10^-10^/ml). Another 
abundant group, bacteria in the genus Prochlorococcus 
are about 0.7 pm in diameter (10^ to >10^/ml; Li 
et al., 1992). 

10.2.2 Dissolved Organic Matter (DOM) 

DOM is very dilute in the pelagic ocean, ranging 
from 75 to 150 pmol C/1. It is composed of a complex 
mixture of compounds, most of which are refractory, 
that is, unavailable to bacteria, and remain in the 
sea for a very long time. Miller (2004) summarizes 
DOM d 5 mamics by stating that although this material 
has radiocarbon ages of up to 6000 years, there are 
measurable armual cycles of concentration. It is likely 
that a fraction of the DOM, probably around 1%, or 
0.75 to 1.5 pmol/1, is accessible by bacteria. Note that 
the biomass of bacteria is approximately 0.1 pmol C/1. 
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FIGURE 10.4 Chilodonella is a hypostome cililate with a mouth used to pick up bacteria and other particles. Here, the animal 
has ingested some small diatoms. Source: Image by Michele Bahr and D. J. Patterson, courtesy of microscope.mbl.edu. 



10.2.3 Biomass and Productivity 

It is characteristic of the oligotrophic ocean that 
biomass, calculated as C, is very similar for bacfe- 
ria and phyfoplankfon (Table 10.1). The range shown, 
1000-1500 mg C/ m^ for bacferia in seven femperafe 
and fropic ocean locations falls wifhin fhe range of 
phytoplankton biomass (447-4500 mg C / m^). 

To investigate the d 5 mamics of microbial food 
webs, however, productivity must be measured. For 
phytoplankton, the standard method is to incubate 
a sample in a bottle for a few hours wifh ^^C- 
bicarbonafe, collecf phyfoplankfon on a filter, and 
measure fhe incorporafed by fhe phyfoplank- 
fon. For bacferia, fhe procedure is similar excepf fhat 
samples are incubated with a radioisotope-labeled 
nucleic acid (thymidine) or an amino acid (leucine) 
that becomes incorporated into new DNA or protein. 

For the sites in Table 10.1, the ranges of bac- 
terial (70-285 mg C/m^/day) and phyfoplankfon 
(465-1548 mg C/m^/day) production are remark- 
ably narrow. This is reflecfed in fhe ratio of bacferial 
fo phyfoplankfon production (0.09-0.26). The reason 
fhis ratio is nof closer fo 1 is fhaf bacferial produc- 
tion (BP) is a measure of fhe rate of s 5 mfhesis of 
new bacferial biomass (also called growth) and nof a 
measure of fhe fofal OM consumed by bacferia. To 
provide energy for biomass synfhesis, and for general 
cell mainfenance, some of fhe organic compounds fhe 
bacferia fake up musf be respired. The percenfage of 



TABLE 10.1 Bacteria and algae of the plankton 
at two sites in the Atlantic and at five tropic and 
temperate sites 



Property 


North 

Atlantic 


Near 

Bermuda 


Five Tropic and 
Temperate Sites 


Euphotic zone 


50 


140 


74-175 


depth (m) 








Biomass (mg C/m^) 






Bacteria 


1000 


1317 


1142-1500 


Phytoplankton 


4500 


573 


447-1940 


B : P 


0.2 


2.7 


0.7-3.6 


Production (mg C/m^/day) 






Bacteria 


275 


70 


56-285 


Phytoplankton 


1083 


465 


486-1548 


B : P 


0.25 


0.18 


0.09-0.26 


Growth rates (per 


day) 






Bacteria 


0.3 


0.05 


0.05-0.18 


Phytoplankton 


0.3 


0.81 


0.5-1. 1 


B : P 


1 


0.06 


0.1-0.2 



Source: Modified from Ducklow (2000). 



organic carbon taken in by bacteria that is used for 
biomass is called the growth efficiency or the amount 
of new biomass produced per unit carbon consumed. 
In laboratory cultures, growth efficiency approaches 
50%. In oceans, bacterial growth efficiency, measured 
by a variety of methods, ranges from 2% to 64% (del 
Giorgio and Cole, 2000). These authors conclude that 
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the lack of agreement about methods and the great 
range found indicafes fhaf fhe bacferial growfh effi- 
ciency of oceans is nof really known. Despife fhis, 
fhey argue fhaf in nafural marine wafers, if is likely fo 
be less fhan 30%. If a maximum value of 50% is used, 
fhen each day bacferia process 30-50% of fhe algal 
production. If follows fhat if a lower value is used 
for efficiency, fhen bacferia process even more of fhe 
algal production. 

On the basis of fhe productivity data, it is obvi- 
ous that the rates of acfivify in fhe microbial food 
web are sfrongly affecfed by fhe availabilify of nufri- 
enfs. This is considered boffom-up confrol or con- 
frol by fhe amounf of fhe resource. In fhe ocean, 
producfivify of algae and bacferia as well as fhe 
biomass of organisms and fhe grazing rafe is higher 
in fhe coasfal and upwelling regions fhan in fhe open 
ocean. 

10.2.4 Grazers 

Top-down confrol is also af work wifhin fhe microbial 
food web as evidenced by fhe consfancy of bacferial 
numbers from day to day or month to month. This 
occurs despite the fact that productivity of bacferia in 
fhe ocean is much more variable and approximafes 
fhe producfivify of phofos 5 mfhefic algae. If is very 
likely fhaf grazing by flagellafes has a major impacf 
on the numbers of bacferia. In furn, predation by 
ciliafes confrols fhe numbers of flagellafes. 

Flagellafe abundance is approximafely 1% fhaf of 
bacferia. In fhe example in Table 10.2, fhey number 
0.5 X 10^/ ml. Because of fhe size difference, however, 
the wet weight and the amount of carbon in flagellafes 
are on the same scale as the carbon in bacteria. 

In the laboratory, when small microcosms are set 
up with bacteria, flagellates, and dilates, the popula- 
tions oscillate in classic predator-prey relationships. 
The same changes likely take place in the open ocean, 
but it is very difficult to sample because exactly the 



TABLE 10.2 Abundance and wet weight of the 
photosynthetic organisms, bacteria, and flagellates 
in the open ocean of the North Atlantic 



Organism 


Cells 

(x10®/l) 


Wet 

Weight (pg/l) 


Picoplankton (0.2-2 p,m) 


Cyanobacteria 


12 


1 


Bacteria 


600 


20 


Nanoplankton (2-20 pm) 


Photosynthetic algae 


0.5 


14 


Flagellates 


0.5 


14 



same water mass must be measured several times 
a day for weeks fo find fhe cycles. There is af leasf 
one sife, Limfjord, a shallow marine bay in Denmark 
(Fig. 10.5), where fhe cycles of bacferia, flagellates, 
and dilates are in synchrony for weeks. In fhis sysfem, 
bacferia ranged from 2.4 fo 14 x 10^ /ml, flagellates 
from 200 fo 17,000/ml, and ciliafes from 1.5 fo 160/ ml. 
Each bacferia peak was followed by a flagellate peak 
3-7 days later. Each flagellate peak was followed by 
a ciliafe peak wifhin 4-6 days. The ciliafe cycle is 
nof shown here. These dafa are sfrong evidence for 
fhe control of bacferia abundance by fhe grazing of 
micro flagellafes. They also indicafe fhaf flagellates, 
too, are likely controlled by grazing by ciliates (L 5 mch 
and Flobbie, 1988). 

There is no well-accepted method for measuring 
fhe rafes of bacferivory (Monfagnes ef al., 2008). One 
review sfafes "Bacferivory has proven fo be one of 
the more intractable processes to measure" (Strom, 
2000, p. 358). One method uses the addition of fracer 
particles and measures the rate at which these par- 
ticles are taken into the cells of grazers. Anofher 
mefhod uses manipulafions of fhe communify, such 
as dilution, to change the rate of bacferivory and fhen 
looks af growfh rafe of fhe bacferia when grazing 
is reduced. Because of problems wifh these methods, 
most of fhe successful measuremenfs have been made 
in coasfal and esfuarine habifafs where bacferial pro- 
ducfivify and fhe associafed grazing rafes are high 
compared with the oligotrophic ocean. Eor example, 
in Eigure 10.6, only the rates in the small box are for 
fhe oligofrophic end of fhe producfivify specfrum. 
In low producfivify sysfems, BP is balanced by viral 
lysis and bacferivory (Shorn, 2000; Breifbarf ef al., 
2008; Jurgens and Massana, 2008). In ofher words, 
fhe viruses and bacferivores consume all fhe avail- 
able bacferial producfivify and in this way control 
abundance (top-down control). 

It should be not be overlooked that in olig- 
otrophic regions of fhe ocean where phofosynfhesis 
is dominafed by bacferia such as Synechococcus and 
Prochlorococcus, fhe bacferivores also consume much 
of fhe primary producfivify. 

Viruses are considered a form of grazers in micro- 
bial food webs. Miller (2004) poinfs ouf fhat the key 
measurements of fhe impacf of viruses on bacferia 
in the ocean have been carried out in coastal waters. 
Methods for measuring fhis impacf are imperfecf 
(Flelfon ef al., 2005), buf esfimafes suggesf fhaf viruses 
are responsible for 20-40% of fhe fofal bacferial mor- 
falify and are similar in imporfance fo grazing by 
profisfs (Sutfle, 2007). Viral lysis of infecfed cells 
releases parficulafe and DOM, shunting fhaf maferial 
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FIGURE 10.5 Bacteria and microflagllates (mean concentrations at 1 and 2 m) in Limfjord, Denmark. Source: Andersen and 
Sorensen (1986), redrawn in Strom (2000). 




FIGURE 10.6 Bacterial production and grazing rates 
throughout the ocean. Source: Summary by Strom (2000). 



away from grazers and toward heterotrophic bacteria 
(Suttle, 2005). 

Mortality in ocean microbial food webs due to 
protist grazers and viruses generally keeps pace with 
production and growth, resulting in rapid turnover 
of microbial communities on the scale of days. This 
allows rapid reshaping of the species composition 
of these communities in response to any factor that 
influences the relative rates of growth or mortality of 
individual populations such as changes in resources, 
grazer prey selection, or grazer avoidance abilities 
(Strom, 2008). 



10.3 ELEVATED PRIMARY 
PRODUCTIVITY 



In the open ocean, inorganic nutrient limitation 
is the standard condition for planktonic commu- 
nities, but in estuaries, these limitations are often 
relieved by terrestrial (and anthropogenic) inputs 
of nitrogen and phosphorous as well as silica, 
iron, and other micronutrients. This enrichment 
elevates phytoplankton productivity well above 
t 5 ^ical open ocean rates and causes more fre- 
quent bloom events (Chapter 4). OM produced 
by phytoplankton, together with allochthonous 
OM (discussed in the following section), fuels the 
microbial food web by stimulating production 
by bacteria (Table 10.3) and protists (Landry and 
Calbet, 2004). The result is a more abundant and 
more active microbial food web. However, several 
other changes at organismal and ecosystem scales, 
such as shifts in phytoplankton cell size, bacterial 
growth efficiency, and eutrophication, cause non- 
linear changes in microbial food web activities and 
alters their relative importance to the planktonic 
ecosystem. 

10.3.1 Phytoplankton Cell Size 

Primary production (PP) in oligotrophic tropical 
and subtropical waters is accomplished mainly by 
picophytoplankton (<2 pm in diameter or length) 
such as Synechococcus and Prochlorococcus spp., and 
nanophytoplankton (2-20 um), which are mainly 
autotrophic and mixotrophic flagellates (Malone, 
1980; Platt et al., 1983). Organisms in these size 
classes can be grazed directly by heterotrophic 
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TABLE 10.3 Bacterial abundance and production 
rates in some marine ecosystems 



Regime 


Abundance 
(xIO® cells/l) 


Production 
(mg C/m^/day) 


Estuaries 


1-25 


40-130 


Salt marshes 


5 


100 


Coastal ocean 


0.5-3 


5-120 


Open sea 


0.1-2 


10 



flagellates and ciliates. In fact, one study suggests 
that small phytoplankton are preferentially grazed 
over heterotrophic bacteria by a factor of 6-7 (Landry 
and Calbet, 2004). In these systems, almost every bit 
of newly produced OM feeds into the microbial food 
web either directly through grazing or indirectly via 
bacteria uptake of exuded DOM. 

In estuaries, the size of individual species in 
phytoplankton communities becomes larger (Iriarte 
and Purdie, 1994; Sin et al., 2000). With some notable 
exceptions 0ochem, 1989; Phlips et al., 1999; Murrel 
and Lores, 2004), eutrophic estuaries are dominated 
by nanophytoplankton and microphytoplankton 
(>20 |xm; e.g., diatoms and large drnoflagellates). This 
shift means that a lower percentage of phytoplankton 
biomass can be directly grazed by protists (Fig. 10.1), 
and instead, this biomass is consumed by larger 
metazoan grazers (Thingstad and Rassoulzadegan, 
1999). One meta-analysis of nearly 800 independent 
measurements of protist grazing rates lends support 
to this conclusion (Table 10.4), although the degree 
to which the protist's share in PP is reduced from 
open ocean to estuaries remains somewhat uncertain 
(Landry and Calbet, 2004). One consequence of the 
shift away from picophytoplankton is that the portion 
of production by large phytoplankton that enters 
the microbial food web is restricted to DOM. This 
material is exuded from living phytoplankton cells, 
released from the front end ("sloppy feeding") and 

TABLE 10.4 Comparisons of percent primary 
production grazed per day by protists based 
on a synthesis of results from paired 
measurements (n = 392) of autotrophic growth 
and grazing mortality rates 




Source: Data are averages (istandard errors) for oceanic, 
coastal, and estuarine habitats. Modified from Calbet and 
Landry (2004). 



back end (excretion) of animal grazers, and produced 
during the decomposition of ungrazed cells. Thus, 
as phytoplankton cell size increases, the percentage 
of phytoplankton biomass directly supporting the 
microbial food web decreases and protist grazers 
must rely more heavily on heterotrophic bacteria as 
a food source. 

10.3.2 Bacterial Growth Efficiency 

The growth efficiency of bacteria, or the amount 
of new biomass produced per unit organic carbon 
consumed, increases systematically with the rate of 
BP and the trophic complexity of the ecosystem 
(Robinson, 2008). According to del Giorgio and Cole 
(1998), the differences in growth efficiency are rather 
extreme; efficiencies in oligotrophic open ocean water 
can be less than 0.01, while efficiencies in eutrophic 
environments can be greater than 0.5 (Fig. 10.7). This 
means that bacteria in resource-rich environments 
such as estuaries can channel a greater percentage of 
the OM they consume toward new biomass. Explana- 
tions for this trend remain unclear and may involve 
regulation by temperature, salinity, nutrient supply, 
and OM. However, analyses of bacteria in culture 
demonstrate that the availability of stoichometrically 
balanced nutrition, which we might expect to find in 
resource-rich environments, allow bacteria to grow 
more efficiently (Russell and Cook, 1995). 

The implications of this trend for the micro- 
bial food web are twofold. Higher growth efficiency 
means that more of the total carbon consumed by 
bacteria is used for anabolism (i.e., production or 
growth) and less is used for catabolism (energy pro- 
duction). Extra biomass production by efficiently 
growing bacteria supplements the already elevated 
BP in eutrophic estuaries and may make the microbial 
food web a more valuable link for transferring par- 
ticulate and dissolved energy and materials to higher 
trophic levels. Conversely, efficiently growing bacte- 
ria exhibit relatively reduced rates of catabolism or 
mineralization of OM. In a relative sense, this dimin- 
ishes the role of microbial food webs as recyclers of 
nutrients and OM. However, since growth efficiencies 
never greatly exceed 0.5, microbial food webs should 
always be considered important recyclers of OM. 

10.3.3 Impacts of Eutrophication 

Eutrophication, or the anthropogenic elevation of 
nutrient inputs to an ecosystem, can cause and main- 
tain several large-scale alterations in the estuaries 
that have implications for microbial food webs. 
Eutrophied estuaries (and in a sense, all estuaries 
are eutrophied compared with the open ocean) 
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FIGURE 10.7 (a) Relationship between bacterial growth effi- 

ciency (BGE) and bacterial production using 237 paired 
measurements of bacterial production and respiration and 
(b) relationship between BGE and net phytoplankton pro- 
duction in which BGE was calculated from bacterial pro- 
duction using a model based on data in (a). Source: Figure 
after del Giorgio and Cole (1998). Used with permission. 

experience a general shift in the t 5 rpe of organisms 
that dominate primary productivity from benthic 
microalgae and macrophytes to phytoplankton. 
This shift to the plankton enhances the activity of 
planktonic microbial food webs. 

However, in many eutrophic estuaries, plank- 
tonic primary productivity is so high that the oxygen 
demand of remineralizing microbes exceeds the 
rate of reoxygenation, resulting in large areas of 
h 5 ^oxic (<2 mg O 2 /I) and anoxic (0 mg O 2 /I) 



bottom waters. This condition occurs seasonally in 
many salt stratified estuaries such as the Chesapeake 
Bay, but it can be a permanent feature in fjords 
where anoxic deep water is retained in the system 
and is only rarely mixed with surface wafer. The 
effecfs of hypoxia/anoxia on large animals are 
universally negafive. If kills benfhic animals and 
resfricfs fhe habifaf of pelagic animals, including 
many commercially imporfanf species (Officer ef al., 
1984). Regions of h 5 rpoxia/ anoxia are commonly 
referred fo as dead zones. 

The effecfs of hypoxia/ anoxia on fhe microbial 
food web are nof as clear. Heferofrophic bacferia and 
profisfs are responsible for reducing oxygen levels in 
fhese wafers, and fhey are generally abundanf and 
grow well in h 5 rpoxic/ anoxic wafers (Fenchel ef al. 
1990, 1990; Basfviken and Tranvik 2001). So rafher 
fhan being “dead zones," h 5 rpoxic /anoxic wafers 
in esfuaries are acfually quife alive and are envi- 
ronmenfs in which microbial food webs complefely 
dominafe biological acfivify. 

Bacferia and profisfs in anoxic wafers fend 
fo be faxonomically differenf fhan fhose in oxic 
wafers (Crump ef al. 2007; Sfock ef al. 2009), and, 
fheorefically, fhey have reduced growfh efficiencies 
because fhey musf use mefabolisms fhaf are less 
energetic fhan aerobic (oxygen-based) respirafion. 
Experimenfs wifh culfivafed bacferia and profisfs 
supporf fhis sfafemenf (Fenchel and Finlay 1990), 
alfhough field observations of reduced growfh 
efficiency in anoxic wafers are mixed and are only 
available for freshwafer sysfems (Cole and Pace 1995; 
Rossetti ef al. 2001; Basfviken ef al. 2003). The combi- 
nation of reduced growfh efficiency and fhe absence 
of mefazoan grazers essentially eliminafes fhe role 
of microbial food webs as links fo higher frophic 
levels and magnifies fheir role as remineralizers of 
OM. This direcfly confrasfs wifh fhe sifuafion in oxic 
wafers discussed earlier in which bacferioplankfon 
have elevafed growfh efficiencies and may provide 
more nufrifion fo higher frophic levels. 

A cenfral unanswered question abouf eufrophied 
esfuaries is: Why does nof elevafed primary produc- 
fivify franslafe linearly info elevafed producfivify of 
harvesfable organisms such as finfish and shellfish? 
Convenfional wisdom sfafes fhaf fhe microbial food 
web consumes much of fhe excess phyfoplankfon 
producfion. Plankfonic microbial food webs are more 
producfive in eufrophic ecosysfems, and fhey also 
benefif from nonlinear shifts on scales of organisms 
(elevafed growfh efficiency) and ecosysfems (from 
benfhic fo plankfonic producfion). Buf fhese ben- 
efifs may be counferacfed by a reducfion in fheir 
share of phyfoplankfon producfion when larger 
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phytoplankton become abundant. Also, while the 
transfer of maferials from microbial food webs fo 
higher frophic levels is enhanced by higher growfh 
efficiencies, if can be severely reduced in sysfems 
fhaf develop h 5 rpoxia/anoxia. The balance befween 
fhese competing factors remains fo be defined, buf 
if conventional wisdom proves fo be frue, nonlinear 
enhancemenfs of microbial activities musf dominafe 
in eufrophied esfuaries. 



10.4 MULTIPLE SOURCES OF 
ORGANIC MATTER 



In fhe ocean, bacferial mefabolism is entirely depen- 
dent on photos 5 mthesis and grazing processes that 
supply DOM through a great variety of mechanisms 
such as exudation, excretion, and sloppy feeding. As 
a resulf of fhis dependence, if is common fo observe 
a close correlation befween bacferia and phyfoplank- 
fon properfies such as abundance versus chlorophyll 
or BP versus PP (Cole ef al., 1988). Such relation- 
ships are nof usually seen in esfuaries because fhere 
are multiple sources of OM besides phytoplankton 
for bacferia fo use. These sources include OM from 
land as well as OM from fringing freshwater and 
salf marshes, sedimenfs, and fhe coasfal ocean. These 
exfernal inpufs of OM fo plankfonic microbial food 
webs provide potentially large subsidies for bacferial 
mefabolism. 

Terrigenous OM is offen fhe largesf external 
source of OM fo esfuarine microbial food webs. Esfu- 
aries fypically receive runoff from watersheds wifh 
large surface area in comparison fo fhe size of fhe 
esfuary. For example, Chesapeake Bay (12,500 km^) 
receives inpuf from a wafershed 179,000 km^ in area, 
supplying 10-40 gN / m^ of fhe Bay per year fo fuel PP. 
OM inpufs are proporfionally large and may exceed 
fhe OM supply from phofosynfhesis in situ. Wifh fhe 
enhanced supply of OM, BP rates may be an order 
of magnifude greater fhan fhaf in fhe open ocean 
(Table 10.3), exceeding 100 mg C/m^/day (Ducklow 
and Shiah 1993). 

Anofher importanf source of OM fo esfuarine 
microbial food webs is aquatic planfs. Mosf esfuaries 
have fringing marshes, bofh freshwafer and salfwafer, 
and beds of submerged aquatic vegefafion (SAV; see 
Chapfers 5 and 6). Marsh planfs and SAV may exude 
copious amounfs of DOM in forms readily accessible 
fo bacferia and also provide large inpufs of parficulafe 
defrifus during fhe period of senescence in the fall and 
winter. 



10.4.1 Tracing Sources and Utilization 

Biogeochemical processing by microbial food webs in 
esfuaries influences fhe fransport of externally sup- 
plied OM from land fo fhe coasfal ocean. Inpuf and 
processing of fhis OM is frequenfly fraced wifh sfable 
isofopic signafures, carbon-fo-nifrogen rafios, molec- 
ular tracers such as lignin phenols or lipids, and 
more recently with fluorescence excifafion / emission 
analysis and with electrospray ionization coupled to 
Fourier transform mass specfromefry. OM in esfuar- 
ies is a very complex mixfure of compounds, mosf 
of which have nof been identified. Simply follow- 
ing changes in bulk DOC concenfrafion offen gives a 
misleading picfure of ifs fumover because of contin- 
ual decomposition and addition from phytoplankton, 
seagrasses, and adjoining marshes and mangroves. 
Molecular analysis of DOC composifion shows fhat 
differenf compounds are mefabolized or removed af 
differenf rates and wifh differenf efficiencies (Bermer 
and Opsahl 2001). Sfudies employing several chemi- 
cal techniques, including fatty acid biomarkers, fluo- 
rescence specfra (Sfedmon and Markager 2005; Fell- 
man ef al. 2011), and mass specfromefry (Sleighfer 
and Hafcher 2008), suggesf fhaf a subsfantial ter- 
rigenous signafure persisfs in fhe dissolved phase 
along fhe esfuarine salinify gradienf. In confrasf, 
seaward-flowing parficulafe OM is dominated by 
a mixed phyfoplankfon/ zooplankton signature with 
only nominal terrestrial influence (McCallisfer ef al. 
2004). 

The mosf practical fool for fracing fhe sources 
and identify of OM flowing info and fhrough esfuar- 
ies is isofopic analysis. As seen in Table 10.5, sfable 
isofopes of carbon (^^C) and nifrogen (^^N) have dif- 
ferent isotopic signatures in different sources (e.g., 
terrestrial vegetation, soil humus, fresh and marine 
plankton, and marsh grasses). Therefore, bulk OM in 
any given area or time, which is often a mixture of 
fhose sources, will have an isofopic signafure reflecf- 
ing fhe relafive imporfance of fhe differenf sources. 
The signafures for a single elemenf may overlap for 
differenf sources (e.g., in ferresfrial OM and fresh- 

wafer phyfoplankfon), so using more fhan one fracer 
helps distinguish among sources. From the data in 
Table 10.5, it appears that riverine DOM is likely to 
come from soil or ferresfrial planfs rafher fhan from 
phyfoplankfon. An additional rnsighf comes from fhe 
radiocarbon (^^C) in fhese samples. Positive values of 
indicate OM less fhan 50 years old as a resulf of 
fhe large spike of added fo fhe afmosphere by fhe 
bomb fesfs in fhe 1950s. The radiocarbon dafa indicate 
fhaf fhe riverine DOM in fhe York River comes mosfly 
from soil OM rafher fhan from phyfoplankfon. While 
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TABLE 10.5 Stable isotopic and radiocarbon signatures for organic matter sources in estuaries 



Source 


(%o) 


(%o) 


Ai'*C (%o) 


Terrestrial plants 


-26 to -30 


—2 to 


+2 


— 


Terrigenous soil 


-23 to -27 


2 to 


6 


152 to 310 


Freshwater phytoplankton 


-24 to -35 


5 to 


8 


110 to 164^; -44 to -74'’ 


Estuarine phytoplankton 


-18 to -24 


6 to 


9 


47 to 72 


Salt marsh plants (C-4) 


-12to -14 


3 to 


7 


— 


Freshwater marsh plants (C-3) 


-23 to -26 


4 to 


6 


45 to 58 


Benthic algae 


-12to -18 


0 to 


5 


— 


Estuarine DOM 


-24 


— 




-77 


Riverine DOM (high molecular weight) 


-27 to -28 


4 to 


5 


434®; -73 to -137* 



^York River, VA. 

'’Hudson River, NY. 

Source: Modified from McCallister et al. (2004). 



most river systems are similar to the York River, the 
negative values for freshwater phytoplankton and 
DOM from fhe Hudson River fell us fhaf fhe Hudson 
sysfem has an additional, unusual, source of carbon. If 
is likely fhaf fhe negative values are caused by carbon 
from a source of very old carbon in fhe wafershed. 

If is relafively sfraighfforward fo characferize 
OM in esfuaries, assuming fhaf differenf fracfions 
can be separafed for analysis. Making fhe cormecfion 
befween specific sources and fheir use by bacferia 
is more complicafed. Coffin ef al. (1990) grew bac- 
feria in filfered esfuarine wafer and fhen exfracfed 
bacferial DNA for sfable carbon isotopic analysis. 
They showed fhaf bacferia grown in wafer from Plum 
Island Sound, Massachusetts, were isofopically sim- 
ilar fo Spartina or upland plant material. In a more 
comprehensive study, McCallister et al. (2004) deter- 
mined the multiple isotopic content (5^^C, and 



A^^C) of bacferia biomass collecfed in the estuaries of 
fhe York River, Virginia, and fhe Hudson River, New 
York, in differenf locations and seasons (Fig. 10.8). 
The position of bacferia samples on fhe dual isotope 
plof explains fhe specific mixfure of OM sources used 
fo S 5 mfhesize biomass. In fhe examples shown for 
fhe York River, bacferia in fhe midsalinify reach of 
fhe esfuary on average over fhe year used OM com- 
posed of 9% riverine terrigenous DOC, 56% esfuarine 
{in situ) phyfoplankfon, and 35% marsh-derived OM. 
In ofher words, bacferia derived abouf half fheir car- 
bon from phyfoplankfon-based sources and half from 
externally supplied OM. 

10.4.2 Consequences for Bacteria 

Exfemal sources of OM elevafe esfuarine BP over 
oceanic production by increasing fhe food supply. 




(%o) 



FIGURE 10.8 Isotopic signatures of bacterial biomass in the York River, VA. The closed circles show bacterial biomass 
collected in the midsalinity reach of the estuary. The boxes represent terrigenous DOC (solid line), marsh organic matter 
(dashed line), and local (estuarine) phytoplankton (dotted line). The triangle encompasses all possible compositions of 
bacterial biomass. Symbol positions suggest bacteria are mostly supported by phytoplankton and marsh-derived material. 
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Earlier we observed that oceanic BP was about 
10-15% of the PP and that their growth efficiencies 
were 15-30%. If fhe rafio of BP fo PP is 0.15 and fhe 
bacferia are using fhe PP wifh 10% efficiency, fhe 
fofal amounf of carbon fhey are consuming is 150% of 
fhe PP (i.e., 0.15/0.10 = 1.5). This scenario is possible 
for brief periods, for example, when a large phyfo- 
plankfon bloom is decomposing, buf is impossible fo 
susfain for an exfended duration. In esfuaries, fhis 
sifuafion is nof uncommon because local PP is always 
subsidized wifh OM from bordering ecosysfems. BP 
in mesohaline Chesapeake Bay averaged 22% of fhe 
local PP. Assuming a bacferial growfh efficiency of 
15% (if may be lower for marsh- and river-derived 
OM and higher for OM of phyfoplankfon origin), fhe 
amounf of OM used by bacferia for respirafion plus 
growth is 0.22/0.15 or 150% of fhe local production. 
A more defailed look is possible for fhe York River, 
where bacferial and phyfoplankfon rafes have been 
sfudied infensively. Af fhe freshwafer, midesfuary, 
and river moufh sfafions, annual bacferial produc- 
fivify averaged 150%, 20%, and 8% of fhe local 
phytoplankton production. In the narrow, upper 
reaches of fhe estuary receiving the largest amounts 
of ferrigenous maferial and adjacenf to fringing 
marshes, fhe bacferia musf consume much greafer 
amounfs of OM than are produced within the water 
column. In contrast, in the high salinity mouth of 
fhe esfuary, the phytoplankton-bacteria interaction 
is similar to an oceanic t 5 rpe system. Raymond et al. 
(2000) observed that the York River released CO 2 to 
the atmosphere during much of fhe year and was a 
nef heferofrophic sysfem, consuming more OM fhan 
if produced infernally. This is consisfenf wifh high 
bacferial mefabolism in fhe sysfem and is a common 
feafure of esfuaries generally (Caffrey, 2004). 

Although the importance of OM from oufside 
sources is probably very common in esfuaries, fhere 
has been jusf one comprehensive sfudy examining 
fhe sources for bacferial mefabolism fhaf affempfed fo 
idenfify fhe full range of subsidies available and com- 
pare bacferial and ofher aspecfs of sysfem mefabolism 
(Larsson and Hagsfrom, 1982). There are only a few 
sfudies fhaf measured BP and PP over fhe same peri- 
ods, time, and space scales fo facilifafe comparison. 
One of fhe besf remains an early sfudy in fhe Balfic 
Sea where BP:PP ranged from 18% fo 24% (Larsson 
and Hagsfrom, 1982). However, fhe approach in fhis 
sfudy was limifed fo fhaf parf of fhe BP supporfed 
by simulfaneous phofos 5 mfhesis, wifhouf considering 
ofher OM sources. Tofal BP:PP in fhe coasfal Balfic 
may have been larger fhan reporfed in fhaf paper. 
There are also many esfuaries where more fragmen- 
fary informafion suggesfs low BP:PP (<10%) and fhe 



nef mefabolism is aufofrophic. As yef we have lit- 
fle basis for undersfanding or predicfing fhe sign of 
nef mefabolism, fhaf is, posifive or negative, in any 
particular esfuarine sysfem. 



10.5 EXTENDED WATER 
RESIDENCE TIME 



Plankfon organisms wifhouf specific means of sfay- 
ing wifhin fhe esfuarine sysfem can only persisf and 
grow if fheir growfh rafe exceeds fhe washouf (flush- 
ing) rafe of fhe esfuary or if special circulation feafures 
concentrate and retain them (Hood et al., 1999). In its 
simplest form, fhis reflecfs fhe principle of fhe chemo- 
sfat, which is an experimental system of microbes 
confained in a growfh chamber fhaf is continually fed 
fresh nufrienfs af one end while continually draining 
liquid af fhe ofher. However, chemosfafs are poor 
models of esfuaries because fhey are very well mixed 
and only have one single source for one limiting nutri- 
ent. Estuaries are not so well mixed and estuarine 
circulation provides several mechanisms for exfend- 
ing fhe refenfion time (fhe inverse of fhe washouf 
rafe), pofenfially allowing organisms fo persisf and 
accumulafe. In addition, as we saw above, bacferia 
in esfuaries may have multiple sources of OM and 
nufrienfs and different reaches of an esfuary may be 
limifed by different factors. This produces a mosaic 
of conditions and communities, each with distinct 
relationships between growth and flushing rates. 

Pritchard (1955) classified esfuaries based on cir- 
culafion and sfrafificafion: highly sfrafified, partially 
mixed, and well mixed (Chapfer 2). These esfuarine 
fypes differ in patterns of circulafion, mixing, and, 
mosf imporfanfly, flushing and refenfion times. These 
latter phenomena affecf fhe d 5 mamics of populafions 
growing in different regions of esfuaries. 

The flushing or dilution rafe of an esfuary can be 
approximafed using fhe simple equation: 



D = — = 

Vf V[S 






B “ Sq] 



( 10 . 1 ) 



where Qf is fhe freshwafer inpuf rafe and Vf fhe 
freshwafer volume, which is approximafely equal fo 



V 




( 10 . 2 ) 



where V is fhe fofal esfuarine volume, Sg fhe end 
member salinify (e.g., fhe ocean), and Sq fhe average 
salinify of fhe esfuary, or subesfuary, under consid- 
eration. Por sfrafified sysfems, Sg is fhe salinify of 
boffom wafer and Sg is fhaf of fhe surface wafer. 
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In this equation, D, the dilution rate (per day), 
is directly proportional to the freshwater input rate 
(Qf, m^/day) and the bottom water salinity (Sg, 
dimensionless) and inversely proportional to the vol- 
ume of fhe esfuary (or parf of if, V, m^) and fhe 
surface-boffom salf difference (Sg — Sq; Kefchum 
ef ah, 1951). Using fhis formula, if is easy fo see fhaf 
increasing fhe freshwafer inpuf increases fhe dilufion 
(flushing) rafe and increasing fhe salinify gradienf 
decreases fhe dilufion rafe. Thaf is, more sfrafified 
esfuaries have lower dilufion rafes and are beffer af 
refaining bacferia. 

Plankfon can only be refained in esfuaries accord- 
ing fo fhis mechanism if fhe dilufion rafe approx- 
imafes fhe growfh rafe of fhe organisms. Bacferial 
growfh rafes in nafural wafers are in fhe order 
of 0.1-1 /day. The dilufion rafes are similar. For 
example, in fhe mesohaline region of Chesapeake 
Bay, Qf was 1-20 x 10^ m^/day, V was 5 x 10^ m^, 
and [Sg — Sq] was approximafely 5 for Sg = 16-22. 
Thus, D ranged from 0.02 fo 0.07/day, well below 
bacferial specific growfh rafes (Malone ef ah, 1988). If 
is nof surprising fhaf bacferial abundance in fhe mid- 
Chesapeake Bay f 5 cpically reaches greafer fhan 5 x 10^ 
cells/1 in summer when growfh rafes are high. In 
winfer, when growfh rafes are lower, fhe abundance 
falls fo <1 X 10^ cells/h In fhe smaller, well-mixed 
Parker River esfuary (V = 10^ m^; Qf = 10^ m^/day), 
flushing rafes in fhe midesfuary were 0.05-0.25/ day 
(Vallino and Hopkinson, 1998). These aufhors also 
used a more complex, realisfic way fo esfimafe fhe 
flushing rafes. The imporfanf poinf of fhis analysis 
is fhaf fhe physical dimensions and circulafion pro- 
cesses in esfuaries have characferisfic fimescales fhaf 
mafch fhe fimescales of biological processes such as 
growfh rafe. Physical and biological processes can 
inferacf sfrongly in fhese sysfems. 

Anofher imporfanf consideration is fhaf fhe abso- 
lufe growfh rafe per se is nof fhe imporfanf quantify 
for defermining fhe balance between dilufion and 
growfh. Rafher, fhe nef growfh rafe is fhe critical pro- 
cess. The nef growfh rafe is fhe difference between 
the specific growth rate and the sum of the rates of 
removal of bacterial cells by predation and viral mor- 
tality, plus other minor processes such as export on 
sinking particles. Predation by microflagellates and 
possibly viral lysis can be important mechanisms of 
bacterial mortality and tend to be closely coupled 
with variations in bacterial abundance and growth. 
Therefore, removal rates are likely to be quite simi- 
lar to the specific growth rates, and the net growth 
rates are likely to be small — close to the dilution 
rates estimated above. Finally, remember that even 
very low net accumulation rates lead rapidly to large 



accumulations. A net rate of just 0.1 /day leads to a 
doubling of the stock in 7 days and tripling in 11. 

This approach can be elaborated by dividing an 
estuary into a series of compartments or sections and 
computing the dispersion rates and flushing times 
for each section. Then the bacterial abundance in each 
segment can be measured, and by combining these 
data with measurements of salinity, the net fluxes of 
bacteria (or any other property) can be calculated with 
a family of equations describing the dynamics of each 
box. This approach was first applied to the upper St. 
Lawrence River, a partially mixed estuary with ener- 
getic tides and a large freshwater input (Painchaud 
ef al., 1996). The schematic diagram shows that the 
estuary is divided into upper and lower layers and 
into a series of upstream-downstream segments. In 
the example shown (August, 1987; Fig. 10.9a), the 
fluxes were large at the freshwater end, indicating that 
the river was an important source of bacteria flowing 
into the estuary. The net fluxes integrate all the phys- 
ical and biological source and removal processes; 
and they were negative in all reaches, indicating 
the importance of removal processes (predation and 
viral lysis). For example, in surface box 3, 69 x 10^® 
bacteria/h flowed in from upstream, while 4 x 10^® 
were added from the lower layer and 47 x 10^® flowed 
downstream. The net flux (69 4 — 47 = 26) must be 

balanced by a net internal biological loss, to keep 
the bacterial abundance relatively constant over time 
(supported by observations). Otherwise, the bacterial 
abundance would be expected to increase steadily 
over time in the box. Independent measurements of 
growth and removal showed that these processes 
tended to be closely balanced most of the time. Nor- 
malizing these fluxes to the volume of each box gives 
the net fluxes in cells/l/h (Fig. 10.9b) and shows that 
the net fluxes are really quite low (for surface box 3, 
—12 X 10® cells/l/h, for an abundance of 10^ cells/1). 
In this example, the residence times in the boxes were 
short, 11 -24 h, indicating the bacterial dynamics were 
dominated by physical circulation. 

A final example illustrates the interplay between 
circulation and OM fluxes in the York River estuary 
(Schultz et al., 2003). In contrast to the St. Lawrence, 
the river was not an important source of bacteria to the 
York River, VA. Bacterial abundance was lowest at the 
freshwater end in all months over a 2-year sampling 
period (Fig. 10.10). Abundance was high at the mouth 
and the abundances were strongly correlated with 
salinity, suggesting that bacterial abundance at any 
point along the salinity gradient is just the result of 
conservative mixing between the two end members. 
This view is simplistic and inaccurate. BP, represented 
here by the rate of thymidine incorporation, showed 
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FIGURE 10.9 (a) Bacterial fluxes (10^* bacterial cells per hour) in the estuary of the St. Lawrence River, Canada. The numbers 

in the circles indicate the internal growth (+) or removal (— ) rate from predators and viruses that balances the changes from 
physical transport, (b) Volume-normalized net fluxes (10^ cells/l/h). Source: Figure after Painchaud et al. (1996). Copyright 
2000 by the American Society of Limnology and Oceanography, Inc. Used with permission. 



a significant but opposite correlation — it was high- 
est at the freshwater end and declined toward the 
mouth. Bacterial growth rates (production divided 
by abundance) were very high at the freshwater end 
and much lower at the mouth. These growth rates 
might reflect the importance of external OM sources 
supplied in the freshwater input as discussed in the 
previous section. The pattern of rapid growth increas- 
ing upstream indicates that the upstream segments 
are in fact sources of bacteria as the water flows 
seaward. Here too, growth and removal are finally 
balanced and the net growth rates plus flushing inter- 
act to produce the smooth gradient in abundance that 
is observed along the estuary. 

The interplay between biological (OM sources, 
growth, and removal) and circulation processes can 
best be represented in full-scale, time-dependent 
model simulations of estuarine processes (Xu and 
Hood, 2006). Unfortunately, few models include 
representations of bacteria. If they do, they tend to 
be crudely parameterized (Cerco, 1995; Hood et al., 
2006). Now that OM inputs and bacterial growth in 
estuaries are better understood, perhaps bacteria can 
be modeled and the models used to frame testable 



h 5 ^otheses about estuarine bacterial ecology (e.g., 
Keller and Hood, 2011). 

10.6 METAZOAN GRAZERS 

Estuaries are populated with many different meta- 
zoan grazers that consume members of the microbial 
food web. Some of these organisms, such as cope- 
pods, are also found in the open ocean, and graze 
on protists, but estuaries also host a broad array of 
benthic and surface-associated organisms. 

10.6.1 Pelagic Grazers 

Copepods (Crustacea, Copepoda) and euphausiids 
(Crustacea, Euphausiacea) are generally thought to 
be the most important pelagic suspension feeders 
in marine systems. Copepods are common in 
estuaries, including many euryhaline species, while 
euphausiids are truly marine organisms that are 
only occasionally found in the polyhaline reaches of 
estuaries (Simard and Lavoie, 1999). Adult copepods 
and euphausiids cannot graze free-living bacteria, 
but they often consume heterotrophic protists (Calbet 
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FIGURE 10.10 Bacterial abundance and thymidine incorporation rates (a proxy for growth) in the York River, VA. Samples 
were taken from the surface and bottom at six stations along the estuary during all months. The data represent the annual 
means for each property (including salinity) at each station along the estuary. Source: Figure after Schultz et al. (2003). 




FIGURE 10.1 1 (a) Keratella sp., a rotifer common to estuaries that can ingest bacteria. They range in length from 90 fo 150 (cm. 

Source: Image by D. J. Pafferson and Mark Farmer, courtesy of microscope.mbl.edu. (b) Nauplius larva of the calanoid 
copepod Eurytemora ajfinis. Source: Image by D. Devreker. 



and Landry, 1999). Copepod nauplii (Fig. 10.11a) 
also consume protists and are capable of consuming 
bacteria-sized particles, though at a reduced effi- 
ciency (Roff et al., 1995; Turner, 2004). Filter-feeding 
rotifers (Fig. 10.11b), which are common freshwater 
suspension feeders, can also be very abundant in 
estuaries and are capable of consuming a wide range 
of particle sizes, including bacteria. Flowever, the 
impact of nauplii and rotifer grazing on bacteria is 
minimal compared with that of protist grazers. Their 



influence on microbial food webs is mainly at the 
upper trophic levels where they have been shown 
to exert top-down control on the abundance of small 
dilates and flagellates (Arndt, 1993; Uitto, 1996). 

10.6.2 Benthic and Surface-Associated 
Grazers 

The most obvious difference in the suspension- 
feeding community between estuaries and the 
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open ocean is the presence and, in some systems, 
the dominance of benthic and surface-associated 
suspension feeders. These include a wide range 
of organisms, including bivalves (such as clams, 
mussels, and oysfers), barnacles, sea anemones, 
sponges, polychaefe worms, and crusfaceans. Of 
fhese organisms, fhe mosf ecologically imporfanf 
group influencing microbial food webs are bivalves 
because, like pelagic funicafes in the open ocean, they 
filter and remove organisms from large amounts of 
wafer. Perhaps fhe besf example of fhe impacf of 
bivalves on microbes is fhe invasion of zebra mussels 
{Dreissena polymorpha) fo freshwaters in fhe Unifed 
Sfafes (Ludyanskiy ef al., 1993). Zebra mussels can 
fiber parficles ranging from 10 fo 450 (im (i.e., ciliafes, 
flagellafes, rotifers, nauplii, and phyfoplankfon) 
and, like mosf bivalves, ingesf or repackage fhem 
info rapidly sinking pseudofeces. These organisms 
are fhoughf responsible for dramafic reductions in 
phyfoplankfon, heferofrophic profisfs, and, fo some 
exfenf, furbidify in fhe Hudson River (Fig. 10.12) 
and ofher sysfems. Several groups have reporfed 
calculations of fhe filfering capacity of zebra mussels. 
For example, Rodifi ef al. (1996) calculafed fhaf zebra 
mussels, during fheir population peak in fhe 1990s, 
were capable of filfering a volume equivalenf fo fhe 



entire freshwafer tidal portion of fhe Hudson River 
every 2 days. 

Bivalves are offen very abundanf in esfuaries 
and, in some cases, will effectively compefe with 
planktonic suspension feeders (which they may also 
consume) for resources. In facf, in some esfuaries, 
bivalves are capable of filfering all fhe wafer in fhe 
sysfem in less fhan a day. Newell (1988) calculafed 
thaf fhe hisforically (pre-1870) exfensive oysfer beds 
in Chesapeake Bay could filter the entire volume of fhe 
bay in a little over 3 days. He argued fhaf, since fhen, 
fhe precipitous reducfion in oysfers from overharvesf- 
ing allowed an increase in pelagic suspension feeders 
such as copepods and an expansion of fhe pelagic food 
web. The imporfance of bivalves in differenf esfuarine 
ecosysfems depends on abundance and species fype 
as well as esfuarine volume and wafer residence time. 
Dame (1996) expressed fhis impacf as a ratio befween 
clearance time and residence fime (Table 10.6), such 
fhaf bivalve grazing is more imporfanf in sysfems 
wifh low ratios (i.e., more rapid clearance rafe and 
longer wafer residence fime). Also, in a discussion of 
bivalve impacfs on Soufh San Francisco Bay, Cloem 
(1982) argued fhaf wafer column sfrafificafion isolafes 
surface wafer from benfhic fitter feeders, limifing fheir 
influence on fhe plankfonic food web. 



TABLE 10.6 A comparison of system clearance time by bivalve filter feeders to water volume residence time 



System 


Dominant 

Bivalves 


Dominant 

Species 


Volume 
(xIO® m^) 


Biomass: Volume 
(g/m^) 


Clearance 
Time (Days) 


Residence 
Time (Days) 


Clearance: 
Residence Ratio 


Asko 


Mussels 


M. edulis 


4000 


0.4 


99 


1.00E-F05 


0.01 


S. San Francisco 
Bay 


Clams, 

various 


P. amurensis 


2500 


2.5 


0.7 


11.1 


0.06 


Oosterschelde 


Mussels, 

Cockles 


— 


2740 


3.1 


3.7 


40 


0.09 


Chesapeake 


Oysters 


C. virginica 


27300 


— 


3.3 


22 


0.15 


Bay, Past 


Bay of Brest 


Clams, 

various 


— 


1480 


l.A 


2.8 


16.7 


0.17 


Marennes- 


Oysters 


C. gigas 


675 


4.2 


2.7 


7.1 


0.38 


Oleron 

Bay 


Ria de Arosa 


Mussels 


M. edulis 


4335 


1.6 


12.4 


23 


0.54 


Western 


Mussels 


— 


4020 


3.7 


5.8 


10 


0.58 


Wdden Sea 


North Inlet 


Oysters 


C. virginica 


22 


15.4 


0.7 


1 


0.70 


Narragansett 


Clams 


M. mercenaria 


2385 


— 


25 


27 


0.93 


Bay 


Sylt, Eastern 


Mussels 


M. edulis 


1.2 


21.7 


2.1 


0.5 


4.20 


Wadden Sea 


Delaware Bay 


Oysters 


C. virginica 


19420 


— 


1278 


97 


13.17 


Chesapeake 


Various 


— 


27300 


— 


325 


22 


14.17 


Bay, Present 



Source: Adapted from Dame (1996). 



278 I CHAPTER TEN Estuarine Microbial Food Webs 



(a) 40 




(b) 150 




(c) 30 




87 88 89 90 91 92 93 94 95 96 



FIGURE 10.12 Changes in concentrations of edible and inedible particles in response to the arrival of zebra mussels in 
the Hudson River: (a) phytoplankton biomass from chlorophyll a, (b) microzooplankton biomass (tintiimids, rotifers, and 
copepod nauplii), and (c) suspended solids. The dashed lines show the point at which zebra mussels became abundant. Data 
are annual average means from Kingston, NY, during June-August. Zooplankton data are geometric means. Unusually 
heavy summer rains are responsible for the high suspended solids in 1996. Source: Figure after Strayer et al., 1999, copyright 
1999, used with permission from the University of California Press. 



The impact of bivalve grazing on microbial food 
webs depends on fhe parficle size range fhey can 
efficiently filter. Most bivalves capture particles in 
the size range of heferofrophic profisfs, and several 
sfudies suggesf fhaf bivalve grazing can confrol 
populations of heferofrophic profisfs. Analyses of 
grazing by D. polymorpha (Findlay ef al., 1998), 
Crassostrea virginica (Fig. 10.13), and Crassostrea gigas 
(Dupuy ef al., 2000) in experimenfal sysfems showed 
fhaf fhese bivalves greafly reduced fhe abundance of 
heferofrophic profisfs buf did nof reduce bacferia. In 



fhe D. polymorpha sfudy, bacferial abundance acfually 
increased, suggesting fhaf bivalve grazing reduced 
grazing pressure on bacferia by heferofrophic 
profisfs. Some bivalves can also filler free-living 
bacferia, including fhe mussels Mytilus edulis 
and Geukensia demissa and fhe clam Potamocorbila 
amurensis. One sfudy showed a 30-35% reduction 
in bacferioplankton cells in tidal water passing over 
natural and experimental beds of G. demissa (Newell 
and Krambeck, 1995). Morphological analysis of 
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bacterioplankton in this study suggested that mussels 
preferentially removed larger bacterial cells. 

In some estuaries, large volumes of wafer pass 
fhrough sfands of seagrass and ofher SAV, fhe leaves 
and shoofs of which expand fhe effective benfhic area 
by as much as 10-fold (Hemminga and Duarte, 2000). 
Most submerged plants host a complex epibiotic 
community composed of planfs (epiphyfes) and 
animals (epizoans), including suspension-feeding 
profisfs such as ciliafes and suspension-feeding mefa- 
zoans such as bryozoans, barnacles, and hydroids. 
This creafes a gaunflef of suspension feeders fhaf 
sfrip particles from fhe water column. Lemmens et al. 
(1996) estimated that epizoan suspension feeders 
associafed with Amphibolis antarctica leaves could 
potentially filter daily the overlying water column. 
Experiments conducted by Agawin and Duarte 
(2002) suggest that seagrass canopies can trap as 
much as 70% of suspended parficles in less fhan 
an hour. Much like oysfer reefs and mussel beds, 
seagrass beds are sifes of significant mortality for 
members of fhe microbial food web. 



10.7 SUSPENDED PARTICLES 

If seems clear fhaf inferacfion wifh surfaces and 
surface-associafed organisms distinguishes microbial 
food webs in esfuaries from fhose in fhe open ocean. 
Perhaps fhe mosf exfensive “surface" habifaf in direcf 
confacf wifh plankfon in bofh fhese sysfems is fhe 
surfaces of parficles in suspension. These parficles 
range in size from less fhan a micron in diamefer 
(e.g., colloids) fo several millimefers (e.g., marine 
snow). Parficles large enough fo provide habifaf for 
microbes are usually aggregafes of smaller parficles 
and flocculafed maferials. The flocculafed sfafe of 
fhese parficles would seem fo complicafe calculafions 
of available particle surface area, buf the self-similar 
sfrucfure of "floes" simplifies fhe problem. On fhe 
basis of fhe relationships presented by Winterwerp 
and Van Kesteren (2004), it is possible to show that the 
surface area of f 5 rpical floes does nof depend on fhe 
size of fhe floes buf is fhe same as if fhe parficles were 
unflocculafed (L. P. Sanford, personal communica- 
tion). Calculafions of fhe surface area of suspended 
parficles indicafe fhaf in fhe ocean where suspended 
mass concenfration is abouf 1 g/ m®, the surface area 
associafed with particles is in the order of 1 m^ / m^ of 
water (or per m). In coastal waters where suspended 
mass concentration is about 10 g/m^, surface area is 
in fhe order of 10/m. In furbid esfuaries where sus- 
pended mass concenfration is 100 g/m^, surface area 



is in fhe order of 100/m. In all these examples, the 
surface area of suspended parficles in fhe wafer col- 
umn (surface area concenfration mulfiplied by depfh) 
far exceeds fhaf of fhe underlying sedimenf surface 
and probably any ofher surface in direcf confacf wifh 
fhe planktonic environmenf. 

Bacferia attached fo suspended parficles fend 
fo be larger and fasfer growing fhan free-living 
bacferia, probably because of fheir proximify fo 
parficle-associafed OM. As fhey grow, fhey form 
small biofilms by producing exopolysaccharide fhaf 
fhey use fo anchor fhemselves fo fhe parficles. These 
bacferia also produce a large amount of extracellular 
enzymes to degrade particulate organics to molecules 
small enough to transport across their cellular mem- 
branes. On the basis of fhe sequencing and analysis 
of cloned 16S rRNA genes, particle-attached bacferia 
and archaea in esfuaries and fhe ocean are readily 
distinguishable from free-living organisms (Delong 
ef al., 1993; Bidle and Flefcher, 1995; Crump ef al., 
1999; Kellogg and Doming, 2009). 

Larger parficles can develop an entire micro- 
bial food web of fheir own wifh surface-attached 
flagellates and ciliafes feeding on affached bacferia. 
Buf parficle-affached bacferia can also be consumed 
direcfly by mefazoan grazers, such as copepods and 
rotifers. This shorf-circuifs fhe microbial food web by 
passing maferials and energy direcfly from defrifus- 
consuming bacferia fo higher frophic levels. Many 
esfuaries have highly furbid regions where fhis is 
pofenfially an imporfanf pafhway for nufrifion. These 
regions, known as estuarine turbidity maxima (ETM), 
are highly productive zones fhaf supporf dense com- 
munities of zooplankfon and serve as spawning 
grounds for young anadromous fishes. They occur 
af fhe boundary between fhe landward infrusion 
of salfwafer and fhe seaward flow of freshwater 
where riverbome particles are trapped and concen- 
trated by estuarine hydrod 5 mamics to levels as high 
as 1 kg/m^. Bacteria attached to ETM particles can 
be extremely active and in some systems can dom- 
inate planktonic bacterial activity. For example, in 
the Columbia River ETM, Oregon, particle-attached 
bacteria are responsible for 70 -90% of BP (Crump 
ef al., 1998). Parficle-affached bacferia are also very 
active in fhe ETM of fhe Chesapeake Bay buf accounf 
for a lower fraction of fofal aefivify because free- 
living bacferia are also highly active (Griftifh ef al., 
1994). Parficle-affached bacferia in fhe open ocean 
are also very active buf are much less abundanf and 
have a reduced role in planktonic microbial food 
webs. 



280 I CHAPTER TEN Estuarine Microbial Food Webs 




FIGURE 10.13 Crassostrea virginica reef in the Indian River Lagoon, Florida Bay, at low tide. Source: Photo by Kathleen Hill, 
courtesy of Smithsonian Marine Station at Ft. Pierce. 



10.8 TEMPERATURE AND 
SALINITY 



Temperature directly influences the growth rate of 
bacteria and other microbes, but its effects do not 
represent a strong contrast between estuarine and 
oceanic systems. Although estuaries may experience 
daily or short-term extremes in temperature varia- 
tion, seasonal temperature ranges are similar to the 
open ocean. The greatest seasonal ranges in both 
estuaries and the ocean are in the temperate latitudes 
where the coastal ocean (e.g.. New York Bight) ranges 
from about 2 to 25 °C. The Chesapeake Bay range is 
about 0-30 °C. Some tropical estuaries may experi- 
ence higher temperatures, which push the microbial 
food web to its upper tolerance limits, but there are 
few observations of temperature effects in tropical 
estuaries or mangrove swamps. 

Shiah et al. (1994) showed that bacteria in tem- 
perate estuaries have mesophilic responses to tem- 
perature throughout the year. That is, bacteria had 
about the same temperature optima for leucine and 
thymidine incorporation (around 25 °C) regardless of 
season and ambient temperature. More interesting 
was that at all times of the year, bacteria responded to 
temperature shifts in the same way. No matter what 



the ambient temperature, the response curves (incor- 
poration rate vs temperature) could be superimposed 
almost exactly. 

Unlike temperature, salinity provides a strong 
contrast between estuaries and oceans. Salinity is 
a dominant gradient in estuaries, structuring the 
environment both physically (e.g., stratification) and 
biologically (e.g., species composition) and influenc- 
ing microbial food webs in several different indirect 
ways described throughout this chapter. The direct 
effects of salinity on microbial food webs seem to 
be limited to the freshwater /mesohaline region of 
estuaries. Painchaud et al. (1987) showed mortal- 
ity of freshwater bacteria with increasing salinity in 
the St. Lawrence. But increasing salinity also causes 
rupture of freshwater phytoplankton and protists, 
releasing DOM and making it available for bacteria. 
Several studies describe variations in bacterial prop- 
erties along the salinity gradient in more detail. In one 
study on the York River estuary, assays of physiologi- 
cal capabilities at six stations along the entire estuarine 
gradient, and throughout the year (i.e., across the 
armual temperature range), showed that bacterial 
community composition separated into four assem- 
blage t 5 ^es: cold, low salinity (<12°C, <12 salinity); 
warm, low salinity (>21°C, <12 salinity); cold, high 
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salinity; and warm, high salinity (Schultz and Duck- 
low, 2000). However, these observations could not 
be interpreted as direct effects of salinify buf insfead 
are probably confrolled by factors fhaf covary wifh 
salinity such as allochthonous inputs, circulation, and 
mixing. Crump et al. (2004) demonstrated that the 
phylogenetic composition of fhe bacterial communify 
changed and adapfed to infermediafe salinify condi- 
tions in Plum Island Sound estuary, Massachusetts, 
but only in summer and fall when bacterial growfh 
rafe was relatively high and wafer residence fime 
was relafively long. Thus, if is likely fhaf esfuaries 
support uniquely adapted communities of bacfe- 
ria and possibly profisfs, buf if remains unknown 
how differences in fhe species composition influ- 
ences fhe form and activity of microbial food webs in 
esfuaries. 



10.9 CONCLUSIONS 



Esfuarine microbial food webs differ dramafically 
from fhe open ocean paradigm. 

Eufrophicafion and elevated primary productiv- 
ity in estuaries enhance microbial food web acfivify 
and also initiate several nonlinear changes such as 
increasing the average cell size of phyfoplankfon, ele- 
vafing the growth efficiency of bacferia, and shifting 
primary productivity from benfhic fo pelagic. 

OM from land and from aquafic planfs supple- 
menfs fhe nufrifion of esfuarine microbial food webs. 
Sfable isotope and radioisotope composifion sfudies 
confirm fhaf esfuarine microbial food webs consume 
and respire fhis OM. 

Wafer residence fime in esfuaries is highly vari- 
able. Refention of planktonic microbes depends on 
the relationship between their rate of reproduction 
(growfh) and fheir residence fime in fhe esfuary. 

Mefazoan grazers fhaf consume members of 
microbial food webs in esfuaries include benfhic or 
surface-associafed organisms fhaf can be dominanf 
locally or ecosysfem-wide. 

Particle-affached bacferia are more abundanf in 
esfuaries fhan in the open ocean and are often highly 
concentrated in ETM regions. Grazing on particles 
by metazoan grazers short-circuits the microbial food 
web by fransferring material and energy direcfly from 
bacferia fo higher frophic levels. 

Isotope analysis of microbes holds promise for 
quantifying the relative importance of various food 
sources and for fracing fhe passage of fhese materials 
through estuarine food webs. 



Ecosysfem-level eufrophicafion sfudies in esfu- 
aries are revealing large-scale impacfs fhaf are inti- 
mafely linked fo microbial food web acfivifies such as 
the formation of h 5 rpoxic boffom waters and a general 
shift from benfhic fo planktonic PP. 

Invasions and infroducfions of bivalves and pos- 
sibly ofher mefazoans can affecf microbial food webs 
direcfly fhrough grazing on bacferia and profisfs and 
indirecfly fhrough consumption of phyfoplankfon 
and ofher food sources. 
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ELEVEN 



ESTUARINE ZOOPLANKTON 

Mark C Benfield 



11.1 INTRODUCTION 



The term plankton is derived from the Greek word 
"planktos," which means "to drift or wander." 
Zooplankton are planktonic animals that cannot 
swim against moderate horizontal water currents. 
This definition is an oversimplification because 
within the zooplankton there are some taxa, or 
developmental stages within a particular taxon, 
that are incapable of swimming against all but 
the weakest currents, while others may be quite 
strong swimmers that are limited only by strong 
tidal flows. Zooplankton range from single-celled 
heterotrophic flagellates to complex metazoans such 
as copepods, mysids, ctenophores, chaetognaths, and 
cnidarians. 

The waters of most estuaries teem with plank- 
tonic life. With a few exceptions, the combination of 
readily available nutrients, shallow depths that are 
illuminated by sunlight, and waters that are warmer 
than the coastal ocean produce conditions favorable 
for the growth of phytoplankton. In turn, these single- 
celled plants in combination with detrital material 
fuel a planktonic food web that produces abundant 
zooplankton. 



11.2 ZOOPLANKTON 
CLASSIFICATION 



11.2.1 Size Classification 

Planktonic organisms are often classified according to 
their size. One widely accepted size classification sys- 
tem proposed by Sieburth et al. (1978) is illustrated in 
Figure 11.1. Most estuarine zooplankton occupy size 
ranges that span 20 |xm to 2 cm (microzooplankton to 
mesozooplankton), although larger organisms such 
as ctenophores and cnidarians may also be abundant. 

11.2.2 Ontogenetic Classification 

Zooplankton that are planktonic for only a portion 
of their lives are termed meroplanktonic, while those 
that remain planktonic throughout their development 
are termed holoplanktonic. The transition from mero- 
plankton may occur when organisms develop more 
competent swimming capabilities and become nek- 
tonic, or when they settle out of the water column 
and metamorphose into benthic forms. A third group, 
called tychoplankton, contains benthic organisms that 
become transient members of the plankton when they 
are swept from the bottom by turbulence or currents. 
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Recall that the criterion for membership in the 
plankton is usually based on the swimming ability rel- 
ative to directed horizontal currents. This distinction 
does not mean that all zooplankton are poor swim- 
mers. Many have excellent swimming capabilities 
when moving vertically or with horizontal currents. 
Swimming capabilities usually improve as organisms 
grow in size. Consequently, small organisms are gen- 
erally less competent swimmers than larger ones. For 
example, many zooplankton begin life as small lar- 
val forms wifh limifed swimming abilities. As fhey 
grow, fhey become more capable swimmers and ulfi- 
mafely leave fhe realm of fhe plankton for fhaf of 
fhe nekton. Many species of fish produce planktonic 
eggs and larvae fhaf cease fo be zooplankton when 
fhey become juveniles. Alfernafively, many benfhic 
or sessile organisms produce planktonic larvae. These 
meroplankfonic larvae cease fo be plankfon when 
fhey mefamorphose info sessile or benfhic onfoge- 
nefic sfages. Examples of faxa wifh meroplankfonic 
larvae include oysfers, barnacles, benfhic ghosf and 
mud shrimps, crabs, and penaeid shrimps. 

11.3 DOMINANT ESTUARINE 
ZOOPLANKTON TAXA 



Esfuaries supporf high zooplankton biomasses fhaf 
offen exceed fhose found over fhe adjacenf confi- 
nenfal shelves. The species fhaf comprise fhis high 
biomass vary according fo fhe geographical location 
of fhe estuary, temperature, and the salinity regime 
within each system. Moreover, at any given time, 
the zooplankton assemblage in an estuary may con- 
tain a mix of marine, esfuarine, and fresh wafer faxa, 
whose relafive abundance depends upon facfors such 
as disfance from fhe sea, tidal sfage, and hydrological 
conditions in fhe surrounding cafchmenf. 

Holoplankfonic mesozooplankfon assemblages 
wifhin esfuaries are frequenfly dominated by cope- 
pods, cladocerans, and mysids. These small crus- 
faceans have high secondary production and serve 
as prey for organisms in higher frophic levels such 
as fish, cfenophores, medusae, chaefognafhs, and 
various decapod crusfaceans. Meroplankfonic zoo- 
plankton usually include fhe larval forms of barnacles 
and ofher crusfaceans, and mollusks. 

Copepods are crusfaceans fhaf are fhe mosf abun- 
danf mefazoans in fhe oceans. They also occur in high 
abundances in esfuarine systems. Copepod devel- 
opmenf begins wifh eggs, which are eifher carried 
by fhe female or broadcasf info fhe wafer depend- 
ing upon fhe species. Eggs hafch and pass fhrough 



a series of six naupliar and six copepodife sfages 
wifh fhe final copepodife sfage being fhe adulf. The 
rapid generation times of copepods (20-30 days in 
subfemperafe regions; lanora, 1998) allow fhem fo 
respond quickly fo changing environmenfal condi- 
tions. Common esfuarine copepods include species 
of fhe genera: Acartia, Eurytemora, and Pseudodiapto- 
mus. In fhe lower reaches of esfuaries, Paracalanus 
and fhe cyclopoid genus Oithona are offen common. 
Species richness may be very high in fropical sysfems. 
Eor example, Revis (1988) documented 102 copepod 
species in a Kenyan esfuary during an 11-monfh 
sfudy, alfhough only 12 species were dominanf. 
Calanoid and cyclopoid copepods dominafe fhe holo- 
plankfonic zooplankton in mosf esfuaries. They are 
imporfanf grazers of phyfoplankfon and microzoo- 
plankfon and are, in fum, prey for zooplankfivorous 
fishes and inverfebrafes. 

Mysids are small shrimplike crusfaceans fhaf 
offen consfifufe a large fraction of fhe zooplankfon 
numbers and biomasses in esfuaries. Common esfu- 
arine genera include Neomysis, Mysis, Mesopodopsis, 
and Rhopalophthalmus. Mysids are among fhe larger 
esfuarine zooplankfors. Their size means fhaf in some 
cases fhey dominafe fhe mesozooplankfon biomass. 
Eor example, Wooldridge and Bailey (1982) reporfed 
fhaf mysids exceeded 90% of fhe fofal mesozooplank- 
fon dry mass in fhe Sundays River esfuary, Soufh 
Africa. While mysids are generally regarded as omni- 
vores (Mauchline, 1980), individual species are able 
fo coexisf in a single esfuarine system by specializ- 
ing on differenf prey and by varying fheir diefs as 
prey abundances diminish. Their abilify fo swifch 
prey as availability changes means that they can be 
important predators of a variety of differenf faxa 
including copepod nauplii and copepodifes, rotifers, 
and ofher meroplankfonic larvae such as gasfropod 
veligers (Winkler ef al., 2007). They are imporfanf 
in fhe franster of carbon from fhe microzooplank- 
fon, mesozooplankfon, and defrifal pools info small 
zooplankfivorous fishes and ofher larger inverfebrafe 
predators (Vilas ef al., 2008). 

Mysids play a key role in sfrucfuring esfuarine 
food webs fhrough fheir abilify fo selecf for differenf 
sizes of prey. Winkler ef al. (2007) examined fhe feed- 
ing ecology of Mysis stenolepis and Neomysis americana 
in fhe Sf. Lawrence River esfuary, Canada fhrough a 
combination of confrolled feeding experimenfs and 
sfable isofope analyses. Mysis stenolepis was charac- 
terized as a raptorial feeder fhaf selected for larger 
prey such as fhe copepodifes of fhe copepod Eury- 
temora ajfinis. When ifs preferred prey were scarce, 
if swifched fo a filter-feeding mode and consumed 
more abundanf smaller prey ifems such as copepod 
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nauplii, rotifers, and gastropod velligers. Neomysis 
americana was a filter feeder that opportunistically 
consumed the most available, and generally smaller, 
prey items. 

Other invertebrates are also important con- 
stituents of estuarine holoplankton. Fresh water 
cladocerans such as Bosmina and Daphnia may be 
abundant at the fresh water end of the estuarine 
turbidity maximum (ETM). Toward the lower reaches 
of estuaries, cladocerans belonging to the genera 
Podon and Evadne may also be common. Gelatinous 
zooplankton such as ctenophores can be important 
predators of mesozooplankton. These predators pri- 
marily consume copepods, fish eggs, and fish larvae. 
The genera Pleurobrachia and Beroe are common in 
the middle regions of estuaries. The ctenophore 
Mnemiopsis and cnidarian sc 5 rphomedusae can reach 
high abundances in the middle and seaward ends 
of estuaries. Mnemiopsis is particularly tolerant of 
low salinities and the accidental introduction of Mne- 
miopsis leidyi into the Black Sea in the 1980s (Purcell 
et al., 2001) resulted in a population explosion that 
decimated anchovy populations until the accidental 
introduction of a predatory ctenophore Beroe ovata 
produced some biological control of M. leidyi. 

11.4 PHYSIOLOGICAL 
CHALLENGES 



Hydrographic properties in estuaries are generally 
regarded as being more variable than in the adjacent 
coastal ocean. This is a consequence of the d 5 mamic 
nature of estuaries where tides, riverine discharge, 
and winds combine to mix and shift the spatial pattern 
of salinity, temperature, turbidity, dissolved oxygen, 
and other hydrological parameters that can affect the 
distributions of zooplankton. Many other chemical 
and biological factors such as food availability, pre- 
dation, and pollutant concentrations display similar 
variability. The shallow depth of most estuaries com- 
pared to the coastal ocean makes estuaries subject to 
more frequent, higher amplitude temperature fluctu- 
ations than the coastal waters. In stratified estuaries, 
zooplankton that engage in regular vertical migra- 
tion patterns experience substantial changes in their 
abiotic environment as they move through strong 
gradients in temperature, salinity, and potentially 
other factors (Laprise and Dodson, 1993). Estuar- 
ine zooplankton must therefore adapt to frequent 
physiological challenges driven by the continually 
changing nature of their milieu, or develop strategies 
that reduce the magnitude of these challenges. 



Salinity is normally a key physical factor regulat- 
ing the spatial distribution and structure of estuarine 
zooplankton. Most estuarine zooplankton are osmo- 
conformers and each taxon has a range of salinities 
that are within its zone of physiological tolerance. 
Moreover, salinity may also influence the distribu- 
tions of prey items (Kimmel and Roman, 2004), which 
will, in turn, affect the distribution of those organisms 
that depend on them for food. 

Salinity zones within estuaries have t 5 rpically 
been based on the Venice classification (Anonymous, 
1959). This classification scheme divides estuaries 
into five salinity zones: limnetic (0-0.5 psu), oligoha- 
line (0. 5-5.0 psu), mesohaline (5-18 psu), polyhaline 
(18-30 psu), and euhaline (>30 psu). This scheme 
has been criticized as lacking biologically relevant 
boundaries by Bulger et al. (1993), who proposed a 
biologically based scheme consisting of overlapping 
zones derived from a statistical analysis of the zona- 
tion patterns of 316 estuarine species and life stages: 
0-4 psu, 2-14 psu, 11-18 psu, 16-27 psu, and 24 
psu to marine waters. Whatever system is employed, 
estuarine zooplankton frequently manifest definite 
horizontal zonations that vary with the prevailing 
tide and fresh water discharge. 

Salinity fluctuates on short time scales associated 
with tidal cycles. In positive estuaries (those with 
salinity increasing toward the sea, see Chapter 2), 
the average salinity typically increases during floods 
and declines over ebbs. Moreover, the spatial dis- 
tribution of isohalines is displaced inland by flood 
tides and seaward during ebbs. Estuarine zooplank- 
ton may engage in behavioral strategies designed 
to keep them within their physiologically preferred 
salinities. As an example of such behavior, the euryha- 
line estuarine copepod E. ajfinis, is evident in research 
by Devreker et al. (2008). In the Seine estuary, Erance, 
Eurytemora ajfinis is the numerically dominant cope- 
pod (90-99%) in the low salinity zone (0.5-15 psu) 
and it remains a dominant species in the zone for 
most of the year. Using very high resolution (15- 
min intervals over 50 h) sampling at the surface and 
bottom, Devreker et al. (2008) demonstrated how E. 
ajfinis maintains high abundances in the salinity zone 
it favors. Densities of adults and copepodids were 
higher near the bottom than in surface waters dur- 
ing ebbs (Eig. 11.2), suggesting a strategy to avoid 
being swept out of the estuary by ebb tides. Resus- 
pension into surface waters occurs during early flood 
tides with consequent landward advection followed 
by active migration down into bottom waters during 
the latter part of the ebb (Eig. 11.2). In this man- 
ner, E. affinis is able to avoid being swept out of the 
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Seine estuary while maintaining position within its 
preferred salinity range. 

Temperature is another variable that influences 
esfuarine zooplankton on shorf-ferm and long-term 
time scales. The annual succession in copepod species 
composition may be driven by temperature (Mauch- 
line, 1980) as well as salinity. Egg production and 
growth rates are also strongly temperature dependent 
(Gillooly, 2000). In temperate estuaries, reproduction 
by benthic bivalves such as oysters, resulting in the 
release of meroplankfonic larvae, is often friggered 
by rising wafer femperafures (Ingle, 1951). 



11.5 ESTUARINE 
DISTRIBUTIONAL PATTERNS 

If is exfremely difficulf to assemble an accurate esfi- 
mafe of fhe disfribufional paffems of any esfuarine 



zooplankton species. Through fhe influence of fhe 
tides, organisms are continually shifting landward or 
seaward. Moreover, if fakes fime to collecf samples. 
Depending upon fhe size of fhe esfuary and fhe sam- 
pling resolufion, it may take several days to assemble 
a composite picture of fhe disfribufions of organisms 
fhroughouf fhe enfire sysfem. Toward fhe exfremes of 
an organisms' disfribufion, animal densities may be 
too low for fheir abundances to be reliably estimated 
unless fhe volume filtered by fhe plankton nef is large 
enough. All of fhese factors mean that the resultant 
maps are, at best, an approximation of fhe frue S 5 m- 
opfic disfribufional patterns of fhe consfifuent faxa. 

In spife of fhe imporfance of esfuarine zooplank- 
ton, and perhaps given fhe challenges fhaf we have 
jusf summarized, fhere are relatively few publicafions 
fhaf reporf fhe disfribufional patterns of mesozoo- 
plankfon wifh high spafial and faxonomic resolufion 
in relafion to hydrographic parameters. Zhang et al. 
(2006) used an undulating vehicle equipped with 
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a conductivity-salinity-depth (CTD) and an optical 
plankton counter (OPC) to map the distribution of 
zooplankton biovolume along the axis of fhe Chesa- 
peake Bay during fhree seasons from 1996-2000. The 
OPC is an insfrumenf fhaf measures fhe inferrupfion 
of a lighf beam by parficles fo esfimafe fhe abun- 
dance and sizes of zooplankfon and ofher parficles; 
however, if carmof defermine fhe identifies of each 
particle. Zhang ef al. (2006) demonsfrafe fhe d 5 mamic 
and pafchy nafure of esfuarine zooplankfon disfribu- 
fions albeif in a faxonomically ambiguous marmer. 
Their sfudy also demonsfrafes how time consuming 
sampling a large sysfem can be, even when using 
a lowed, semiaufomafed sensing sysfem such as fhe 
OPC. 

Available dafa indicafe fhaf fhe horizonfal dis- 
fribufion patterns of zooplankfon are by no means 
sfafic. Individual species are concenfrafed wifhin 
wafers fhaf confain conditions favorable for growfh 
and reproduction. As mentioned earlier, salinify is an 
importanf deferminanf of fhe spatial disfribufions of 
mosf zooplankfon. An example of how salinify influ- 
ences fhe disfribufion of zooplankfon comes from 
research by Peifsch ef al. (2000) in fhe Elbe River 
Esfuary, Germany. This example is also based on 
fhe copepod E. ajfinis. In fhe Elbe River esfuary, E. 
ajfinis is fhe numerically dominanf mesozooplank- 
fon species accounfing for 90-99% of fhe numerical 
abundance fhroughouf fhe year. If is an oligohaline 
species with peak abundances in waters <0.5 psu 
(Peitsch et al., 2000). The strength of fhe river dis- 
charge shifts the oligohaline region of fhe esfuary 
seaward during years of high flow, and landward 
when flows are low. The displacemenf of favorable 
habifat for E. ajfinis can be observed in a plof of abun- 
dance relative fo salinify along fhe esfuary (Pig. 11.3). 
During periods of low river discharge (09/87, 04/93, 
and 07 / 94) there was a shallow salinity gradient and 
E. affinis was distributed upstream. Conversely, when 
river discharge was high, the population was shifted 
seaward. Steep salinity gradients produced a sharp 
cutoff in fhe abundance of E. ajfinis, while in shal- 
lower gradienfs fhe decline in abundance was more 
gradual and fhe species had a broader disfribufion. 
This example illusfrafes how many esfuarine species 
may shift their distributions seaward or landward 
as waters of favorable salinify ranges are shifted by 
precipifafion or ofher forcing facfors. 

During exfreme precipifafion and runoff evenfs 
(e.g., fropical sforms, floods), rapid seaward currenfs 
can flush plankfonic organisms ouf of esfuaries. Some 
evidence of how copepods are adapfed fo repopulafe 
esfuaries was provided by Ueda ef al. (2004) during 
routine zooplankfon sampling in fhe fidal region of 



fhe Chikugo River, Japan. This sampling forfuifously 
encompassed a period of heavy rain coupled wifh 
fhe opening of an upsfream reservoir. These evenfs 
creafed a sfrong, nef seaward flow fhaf flushed fhe 
majorify of fhe population of fhe dominanf copepods 
Pseudodiaptomus inopinus and Sinocalanus sinensis ouf 
of fhe sysfem. Sedimenf sampling in fhe charmels 
off fhe moufh of fhe Chikugo River revealed fhat 
many P. inopinus copepods were aggregafed in a fhin 
layer immediafely above fhe boffom. Moreover, fhese 
copepods were almosf enfirely adulfs, which would 
be capable of sfronger swimming responses. No S. 
sinensis were defecfed in fhese samples. Sinocalanus 
sinensis were likely displaced furfher seaward and 
they were subsequently detected in bottom samples 
during flood tides. By aggregating in a fhin layer adja- 
cenf fo fhe sedimenfs, P. inopinus were h 5 q)ofhesized 
fo be exploifing a low currenf velocify refuge fhaf was 
well placed for a refurn fo fhe esfuary on fhe following 
flood fide where fhey would rebuild fheir population 
through reproduction. In cases where zooplankton 
are unable to return to the estuary from which fhey 
were flushed, fhey may be replaced by more rapidly 
growing species. In such cases, copepods would fend 
fo be replaced by rotifers. 

11.6 SEASONAL ABUNDANCE 
AND PRODUCTION PATTERNS 

One of fhe mosf imporfanf facfors affecfing fhe rafe of 
population growfh for a species is ifs generation time 
(Cole, 1954). This is fhe time required for an organ- 
ism fo develop from an egg fo a mafure adulf. Mosf 
esfuarine microzooplankfon and mesozooplankfon 
have very shorf generafion times and are able fo 
rapidly increase fheir numbers when conditions are 
favorable. Eor example, in fhe laboratory fhe marine 
copepod Acartia clausi complefed ifs developmenf in 
14 days under laboratory conditions (Iwasaki ef al., 
1977) and many copepods have generation times of 
20-30 days (lanora, 1998). The generafion times of 
microzooplankfon are even more rapid than meso- 
zooplankton. Although the generation time varies 
by species and is influenced by a variefy of facfors, 
Gillooly (2000) provides some general relationships 
fhaf predicf generafion fime as a funcfion of body size 
and femperafure for a variefy of zooplankfon faxa 
(rofifers, copepods, and cladocerans). 

Elucfuafions in fhe abundances of esfuarine 
zooplankfon in general, and copepods in parficular, 
appear fo be linked fo fresh wafer discharge. In 
regions where fhere is a pronounced wef and dry 
season, zooplankfon may increase in abundance in 
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FIGURE 11.3 Salinity and abundance of E. affinis in the Elbe Estuary during longitudinal sampling (RD = mean river 
discharge of the 20 days before sampling). The map of the Elbe Estuary shows the distance downstream from the source 
(numbers = stream kilometers) and the black dot indicates the anchor station, located at stream-km 695. Source: Figure from 
Figures 1 and 9 of Peitsch et al. (2000). 



response to precipitation and runoff. The pufafive 
causal relafionship is an increase in nufrienf concen- 
frafions fhaf sfimulafe phyfoplankfon blooms, which 
frigger increased producfion by microzooplankfon 
and mesozooplankton. Given the preference by cope- 
pods for microzooplankfon prey over phyfoplankfon 



(Gifford and Dagg, 1988; Rollwagen-Bollens and 
Penry, 2003), elevafed grazing by copepods on 
microzooplankfon may reduce grazing rafes on phy- 
foplankfon and fhereby enhance fhe sfanding stock 
of phyfoplankfon. Such a mechanism could account 
for observafions of enhanced copepod abundances 



292 I CHAPTER ELEVEN Estuarine Zooplankton 



during the wet season in many estuaries. Pulsed 
discharges of water into estuaries may also enhance 
zooplankton production by improving the variety 
and nutritional value of their prey. Episodic fresh 
wafer inflows may prevent competitive exclusion 
among phytoplankton and lead to a more diverse 
phytoplankton assemblage (see summary by Miller 
et al., 2008). This may provide zooplankton with a 
more diverse and nutritious array of phytoplankton 
prey with consequent higher productivity. 



11.7 LATITUDINAL GRADIENTS 

The physical properties of esfuarine systems exhibif 
subsfanfial variabilify over latifudinal gradienfs from 
high to low latifudes. Seasonal femperafure cycles, 
femperafure ranges, day lengfh, and precipifafion 
patterns are a few of fhe factors fhaf are influenced 
by lafifude. Given fhe sensifivify of zooplankton 
fo changes in hydrographic facfors, if would be 
reasonable fo assume fhaf changes in lafifude would 
indirecfly influence zooplankton communify compo- 
sifion. Moreover, submergenf and emergenf aquafic 
vegefafion f 5 rpes vary wifh lafifude. Changes in fhese 
imporfanf nursery habifafs influence fhe relafive 
abundances and species composifion of zooplankfiv- 
orous fishes, and fherefore may indirecfly influence 
the diversity and seasonal abundance cycles of 
zooplankton. Unforfunafely, fhere are relafively 
few sfudies fhaf address how zooplankfon vary 
over large lafifudinal gradienfs, perhaps due fo fhe 
challenges of conducfing comparative research over 
a suffidenfly broad geographical sample of esfuaries. 
Sfill, fhere are several sfudies fhaf can illusfrafe 
how some zooplankfon faxa vary along latifudinal 
gradienfs. 

Dolan and Gallegos (2001) provide evidence fhat 
species richness of esfuarine finfirmids (small micro- 
zooplankfonic ciliafes) is maximal near fhe equator 
and declines linearly foward bofh poles. While fhey 
did nof provide any mechanisfic explanafion for the 
pattern, the relationship was linear suggesting that 
it was driven by some factor that varies in a linear 
marmer with latitude. Tintirmids are important prey 
for copepods, fhe latter of which were fhe subjecf 
of a review by Turner (1981). He examined species 
diversify of calanoid and cyclopoid copepods over a 
broad latifudinal gradient in the northern hemisphere 
from fhe Arcfic fo subfropics. There was no clear 
relationship befween species richness of calanoid 
copepods over the range of lafifudes examined; how- 
ever, species richness peaked in temperate lafifudes 



(30-50 °N). Cyclopoid copepods displayed a differenf 
pattern wifh species richness being very low in higher 
lafifudes and increasing fo a maximum in subfropi- 
cal lafifudes (soufh of 35°N). Turner (1981) identified 
several groups of species wifh disfincf lafifudinal 
disfribufional patterns. The peak in calanoid species 
richness wifhin temperafe regions was attributed fo 
fhe presence of fhese species groups in fhe esfuaries 
af differenf times of fhe year. 

11.8 TROPHIC INTERACTIONS 

Esfuarine food webs can be represented by gener- 
alized marine food webs fhaf include primary pro- 
ducers, primary consumers, and a series of frophic 
linkages culminafing in fop predafors (Eig. 11.4). 
Included in such food webs is a recycling sfep involv- 
ing dissolved organic carbon (DOC), heferofrophic 
bacteria, and microzooplankfon, termed fhe micro- 
bial loop. Zooplankfon generally occupy fhe tower 
sfrafa of esfuarine food webs, alfhough some cnidar- 
ians and cfenophores may be imporfant predators in 
some systems. Sources of food for esfuarine zoo- 
plankfon include phytoplankton, defrifal maferial 
from ferresfrial planfs, emergenf macrophytes, sub- 
merged aquafic vegefafion, and pollen. In addition, 
phytoplankton from marine sources may also be 
abundanf in fhe tower regions of esfuaries while 
fresh wafer phytoplankton provide an energy sub- 
sidy fo fhe upper regions of an esfuary. In addition, 
DOC from all of fhese plant sources may be utilized 
by heterotrophic bacteria. In many estuarine systems, 
turbidities are high, which can reduce light penetra- 
tion. Whether or not the reduction in light reduces 
primary production by phytoplankton depends upon 
the depth of fhe esfuary and fhe degree of mix- 
ing. Where producfion is reduced by furbidify, fhe 
highly nufrifive phytoplankton food may nof be 
as prevalent as detrital material from ofher planf 
pools. 

Cerfain regions of esfuaries are particularly 
imporfant foraging regions for zooplankfon. One of 
fhese is fhe ETM zone. The ETM is a region of sfrong 
interaction befween fresh and salf wafer, which 
generally occurs af fhe landward limif of salf wafer 
infrusion. Turbulence generated by tidal currents 
flowing over fhe boffom leads fo resuspension of 
benfhic sedimenfs, while mixing of fhe overlying 
fresh wafer wifh fhe underlying salf wafer causes 
suspended particles to flocculate and sink. These 
two processes combine to produce a zone that is 
characterized by elevated turbidity, high particu- 
late loadings, and strong horizontal gradients in 
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salinity. Circulation patterns produce a convergence 
near the bottom that leads to an accumulation of 
particulates and of zooplankton. In addifion to 
the high concentration of parficulafes fhaf are rich 
in bacferia, fhe ETM can also confain abundanf 
phytoplankton derived from in situ producfion and 
allochthanous upsfream fresh wafer sources. Thus, 
fhe ETM provides an enhanced foraging ground for 
zooplankton. 

Wifhin fhe ETM, copepods can affain very high 
abundances. Eor example, Winkler ef al. (2003) esfi- 
mafed fhe abundance of fhe copepod E. ajfinis af 
25,000 m^^ in fhe Sf. Lawrence River esfuary ETM 
during lafe June. On fhe basis of measuremenfs of 
body mass and carbon contenf and carbon-specific 
ingestion rates, they estimated that this population 
of copepods consumes approximafely 50 T of phyfo- 
plankfon carbon per day during lafe June and early 
July. Ofher sfudies support the importance of cope- 
pods as grazers within the ETM but demonstrate the 
importance of ofher faxa such as mysids as grazers 
(Eig. 11.4). Roman ef al. (2001) reported abundances 
of E. affinis from fhe bottom wafers of fhe Chesapeake 
Bay ETM of over 200,000 m^^. These abundances 
were from acousfically derived measuremenfs and 
Niskin boffle samples. 

Global climafe change has fhe pofenfial fo alter 
frophic inferacfions in esfuarine systems by alfering 
the timing of seasonal abundance patterns. Plank- 
tonic communities may be particularly sensitive to 
small mean armual increases (~1 °C) in water tem- 
perature (Oviatt, 2004) because individual species 
respond differently to altered climatic patterns. One 



example of fhis may be seen in Narraganseff Bay, 
USA, where fhe lobafe cfenophore (M. leidyi) and 
calanoid copepod {Acartia tonsa) are dominanf mem- 
bers of fhe plankfonic communify (Costello ef al., 
2006). M. leidyi feeds on A. tonsa and ofher prey 
items and has fhe pofenfial fo drasfically reduce fhe 
abundance of A. tonsa via predation. Both A. tonsa 
and M. leidyi dominate in summer with the former 
peaking during spring-summer and fhe latter dur- 
ing lafe summer and early fall. Bofh species decline 
fo low abundances during winter with M. leidyi over- 
wintering in shallow bay areas while A. tonsa eggs 
overwinter in deeper regions of fhe bay. As mean 
armual wafer femperafures have been warming in 
Narraganseff Bay, fhe date of firsf appearance of 
M. leidyi at central bay stations has advanced by 
59 days over the period 1951-2003 (Costello et al., 
2006). Over the same period, the phenology of A. 
tonsa has nof changed significanfly. The differen- 
tial response is presumably because the shallower 
waters where M. leidyi overwinters are more sen- 
sitive to warming and ctenophore egg production 
is temperature dependent. As a consequence, the 
peak abundance of fhe predator M. leidyi has become 
more closely mafched fo fhaf of A. tonsa and extends 
info a period when fhe copepod previously enjoyed 
a refuge from cfenophore predation (Eig. 11.5). In 
response fo fhis shift, fhe peak abundances of A. 
tonsa have significanfly declined since 2000 (Eig. 11.5; 
Costello ef al., 2006). This change has implicafions 
for fhe entire plankfonic food web in Narraganseff 
Bay where ofher organisms are dependenf upon 
A. tonsa. 




FIGURE 1 1 .4 An example of an estuarine planktonic food web from within the turbidity maximum zone of the Gironde River 
estuary in July 2002 showing biomass and flux expressed as |igC/m^ and ;igC/m^/ day, respectively. Estimation of such a 
food web requires careful measurement of the standing stocks within each pool and grazing rate experiments to quantify the 
magnitudes of fluxes among consumers. Source: From David et al. (2006). 









294 I CHAPTER ELEVEN Estuarine Zooplankton 




Year 




FIGURE 11.5 (a) Historical patterns in phenology of A. tonsa and M. leidyi at central estuary stations in Narragansett Bay, 

USA. Linear regression indicates that A. tonsa phenology has not shown significant alteration {p — 0.195) during the period 
from 1950 fo 2003. In contrasf, the first appearance of M. leidyi has shifted significantly (p = 0.006) earlier in the year during 
the same period, (b) Decline in maximum seasonal concentrations of the copepod A. tonsa in the Narragansett Bay estuary 
during the period 2000-2003 (« = 4) relative to years between 1951 and 1983 in = 7). All data collected from the same site; 
historical data (pre-2000) assembled from a variety of sources. Error bars represent standard error of the mean and, although 
not shown, negative bars are symmetrical with positive bars. Average values for the two time periods are significantly 
different (Mann Whitney, p = 0.008). Source: From Costello et al. (2006). 



11.9 PREDATION 



The size of zooplankton, in part, determines what 
organisms they are vulnerable to. Larger taxa 
are usually both more conspicuous and possess 
greater escape capabilities. Zooplanktivorous fish 
are important predators of copepods, mysids, and 
other large estuarine zooplankton. Predation by 
zooplanktivorous fish is usually more intense in 
regions where turbidity is reduced, allowing more 
effective visual foraging. Mesocosm studies in a 
coastal fjord in Denmark demonstrated that zoo- 
planktivorous fish were responsible for significant 
reductions in the abundances of holoplanktonic 
zooplankton such as the copepod A. tonsa and the 
cladoceran Pleopis polyphemoides (Horsted et al., 1988). 
Microzooplankton including tintirmids were preyed 
upon by suspension-feeding bivalves Mytilus edulis 
but were not impacted by fish owing to their small 
size. The larger holoplankton were unaffected by 
bivalves because they presumably were able to detect 
and avoid the incurrent siphon flowfields. 

Ctenophores, particularly M. leidyi, are voracious 
consumers of copepods and other zooplankton. Con- 
don and Steinberg (2008) found that calanoid copepod 
densities were inversely related to M. leidyi biomass 
in the York River estuary — a subsystem of Chesa- 
peake Bay. These nonvisual predators can consume 
copepods and other prey in turbid waters that would 
otherwise offer some refuge from visual predators 
such as fishes. In the Chesapeake Bay, densities of 
M. leidyi are also under the control of gelatinous 



predators such as the medusa Chrysaora quinquecirrha 
(Condon and Steinberg, 2008) and potentially other 
medusa species as well as the lobate ctenophore B. 
ovata. The absence of natural predators in systems 
where M. leidyi has been introduced likely explains 
why this species has undergone such dramatic popu- 
lation explosions. 

11.10 RECRUITMENT 



Many of the meroplanktonic organisms in estuaries 
are the larvae of species that spawn outside of estuar- 
ies. Since most estuaries have a riverine and oceanic 
terminus, these larvae may originate from fresh water 
species that spawn in the upper reaches of estuaries, 
such as the fresh water shrimp genus Macrobrachium, 
or marine species that spawn near or outside the 
mouth of estuaries, such as the blue crab Callinectes 
sapidus. Marine-sourced larvae predominate in most 
systems. 

Estuarine-dependent larvae living in shelf waters 
face two challenges in getting back to an estuary. The 
first is crossing the shelf and moving toward the coast 
so that they are located near an estuarine mouth. The 
second challenge is to successfully gain entrance to an 
estuary. Much research has been devoted to these two 
topics and a consensus is begirming to develop on the 
factors that are responsible for successfully achieving 
cross-shelf transport and estuarine ingress. Successful 
larval recruitment appears to require a combination 
of favorable physical and behavioral processes. 
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Cross-shelf transport is often facilitated by 
onshore circulation driven by favorable winds. On 
coasts where upwelling predominates, relaxation 
of upwelling-favorable winds can cause onshore 
movement of the surface layer, which brings larvae 
toward the coast (Roughgarden et al., 1991). Onshore 
Ekman transport induced by favorable winds can 
raise the slope of the waters close to the coast, 
producing flows toward the coast and estuaries 
(Epifanio, 1995). Internal tidal bores propagating 
onshore can transport larvae toward the coast 
(Pineda, 1994). Larvae capable of stronger swimming 
likely undertake directed movement as has been 
reported for larvae of American lobsters Homarus 
americanus (Cobb et al., 1989) and palinurid lobsters 
(Jeffs et al., 2005). 

Gaining access to an estuary is also likely to be 
due to a combination of adaptive larval behaviors 
combined with physical transport processes and 
events. Selective tidal stream transport (STST) 
describes the interaction of larval behaviors, and 
physical processes which place larvae in the water 
column during flood tides and near or on the bottom 
during ebbs. This tide-hopping behavior has the net 
effect of progressively advecting larvae into estuarine 
systems. Much recruitment occurs on nocturnal flood 
tides, and a series of cues that can produce such an 
effect have been experimentally evaluated. As a flood 
tide commences, a stationary larva located on the 
bottom would experience an increase in hydrostatic 
pressure, salinity, and turbulence (Queiroga et al., 
2006). These cues are assumed to trigger an ascent 
into the flood tide water column, although, curiously, 
it is not yet known how invertebrate larvae lacking 
a compressible structure actually sense a change 
in hydrostatic pressure. Once in the water column, 
larvae need a cue that tells them when to drop out of 
the water column to avoid being advected seaward. 
A larvae moving in a parcel of water would have 
little ability to detect changes in salinity or pressure, 
so a reduction in turbulence associated with the onset 
of slack water has been proposed as a cue to drop out 
of the water column. Swimming during the ebb tide 
is inhibited by chemical cues associated with organic 
compounds of estuarine origin. Einally, inhibition of 
swimming during daytime flood tides by higher light 
intensities would reduce the number of larvae present 
in daytime flood tides. Much of the work on these 
issues has been conducted on crab larvae (Eorward 
and Rittchoff, 1994, Eorward et al., 1997; Tankersley 
et al., 1995; Eorward and Tankersley, 2001). 



11.11 SAMPLING ZOOPLANKTON 

Zooplankton distributions are highly patchy. As a 
consequence, variation among replicate net tows is 
likely to be very high. Gagnon and Lacroix (1981) 
collected 347 vertical net samples over a period of 
175 h from a fixed station in the upper St. Lawrence 
River estuary. They estimated the 95% confidence 
interval for a single observation to be 37-268% of 
the mean copepod abundance. Eor some taxa such 
as Calanus finmarchicus and Eurytemora herdmani this 
variability was even higher: 11-900% and 20-487%, 
respectively. This high variability was attributed to 
longitudinal tidal displacements combined with peri- 
odic vertical fluctuations in the depth of the pycno- 
cline induced by internal tides. What their data mean 
to anyone attempting to quantify the distribution and 
abundance patterns of zooplankton in an estuary is 
that they have a challenging task ahead of them. 

Devices for sampling zooplankton include bot- 
tles, nets, pumps, and traps. More recently, we have 
seen the emergence of optical systems including par- 
ticle counters and imaging cameras as well as single 
and multifrequency echosounders. See Wiebe and 
Benfield (2003) for a detailed examination of the vari- 
ous systems available to sample zooplankton. 

Although microzooplankton may be collected 
using fine-mesh nets, slow pumps, or water bottle 
samplers, comparisons of these gears (James, 1991) 
indicate that large-volume water bottles (~3 1) from 
which subsamples (150-250 ml) were settled over 48 h 
provided the greatest recovery efficiency of small cil- 
iates. This technique was superior to screening the 
contents of water bottle samples through a 20-/xm 
mesh compared to collection using a slow velocity 
pump (6 1/ min) that passed water through a 20-/xm 
mesh, or vertical net tows using a 20-/xm mesh net. 
Screening water samples from bottles through a 20- 
pm mesh screen should be avoided as it resulted 
in the loss of 99% of dilates <50 pm (James, 1991). 
Preservation of samples with Lugols iodine and mer- 
curic chloride provided significantly higher recovery 
of dilates <50 pm than formalin or gluteraldehyde 
(James, 1991). 

One of the new instruments that shows a great 
deal of potential as a means of quantifying micro- 
zooplankton in fresh or preserved samples is the 
ElowCAM (Sieracki et al., 1998). This laboratory 
instrument is a flow-through, imaging microscope 
that detects, images, and measures particles in the size 
range encompassing phytoplankton, microzooplank- 
ton, and small mesozooplankton. Examples of images 
from the ElowCAM are illustrated in Eigure 11.6. 
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FIGURE 11.6 Examples of phytoplankton and microzooplankton from Louisiana estuaries imaged with a color FlowCAM. 
Most particles were imaged at 10 or 20 x magnification. 

Preserved mesozooplankton collected with nets 
or pumps can be enumerated using a Zooscan system 
(Grosjean et al., 2004). The Zooscan is a waterproofed 
scanning system that permits samples to be digi- 
tized and measured at high resolution (Fig. 11.7). The 
contents of scans are isolafed info individual images 
called vignettes, which can be subsequenfly sorfed 
visually and classified or classified semiaufomati- 
cally using compufer-based classification algorifhms 
(Benfield ef al., 2007). 

Nefs remain a core means of enumeraf- 
ing mesozooplankfon. They range from simple 
nonopening/ closing sysfems fo multiple nef sysfems 
equipped wifh environmental sensors controlled 
from a shipboard compufer. Simple plankton nefs 
have fhe advantage of being relafively inexpensive 
and easy fo use. Flow mefers permif fhe estimation 
of fhe volume tillered. Nefs suffer from several 
disadvanfages. They are prone fo clogging and 
care musf be faken fo ensure an adequate surface 
areadronfal area ratio. Nefs infegrafe fhe abundance 
of organisms along fheir tow pafh and carmof provide 



dafa on the distributions of organisms along their 
trajectory. Nets may damage fragile faxa, particularly 
gelatinous organisms. Mosf nefs are nof designed 
for high speed sampling, and larger, more mobile 
zooplankfon may defecf and avoid fhe nef. They do 
have fhe advanfage of providing a physical sample 
of zooplankfon, which may be essential for sfudies 
requiring high faxonomic resolution, physiological 
dafa abouf lipid or RNA/DNA ratios, or genetic 
information. Mulfinef sysfems such as MOCNESS 
(Wiebe ef al., 1985), BIONESS (Sameofo ef al., 
1980), or fhe Mulfinef provide a means of collecting 
vertically or horizonfally sfrafified samples; however, 
fheir size and vessel deploymenf requiremenfs may 
preclude fheir use in many smaller esfuaries. 

Pumps have fhe advanfage of resolving vertical 
disf ribuf ions on finer scales fhan nefs . When equipped 
wifh flowmeters, pumps are capable of more precise 
measuremenf of fhe volume sampled and fheir design 
permifs fhe use of differenf mesh sizes (Dixon and 
Roberson, 1986). See Miller (1985) and Powlik ef al. 
(1991) for reviews of pump designs. Bofh Goughian 
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FIGURE 1 1 .7 (a) An estuarine plankton sample from Louisiana digitized with a Zooscan, (b) Magnified vignettes of different 

organisms (A, chaetognath; B, crab megalopa; C, decapods; D, doliolid; E, calanoid copepod; F, fish larva). 



and Fleming (1978) and Dixon and Robertson (1986) 
provide examples of small pump samplers designed 
for use in esfuarine sysfems. 

Opfical sysfems can be divided info parficle- 
counting sysfems and imaging sysfems (Wiebe and 
Benfield, 2003). Opfical sysfems suffer from inher- 
enf limitations in turbid waters; however, particle 
counters such as the OPC and its derivative — the 
laser optical plankton counter (LOPC) have been 
used in estuaries to document the spatial distribution 
of mesozooplankton on much finer horizontal and 
vertical scales than those possible with nets. These 
systems have relatively short optical path lengths, 
which permit their use in moderately turbid waters, 
although interference from detritus may be a prob- 
lem (Zhang et al., 2000). Both the OPC and LOPC 
measure the size of particles that pass through a light 
sheet. The OPC produces size-frequency estimates 
of equivalent spherical diameter but carmot produce 
taxonomically explicit information about the nature 
of the particles it detects and the user must interpret 
the size frequency distributions to infer the compo- 
sition of the measured zooplankton assemblage. The 
LOPC has a faster analog to digital converter that 
provides an estimate of the shape of the particle pass- 
ing through the laser sheet. In this way, the user is 
provided with more information about the potential 
identity of each particle. OPCs and LOPCs have been 
used in relatively clear fjord systems (e.g., Wieland 
et al., 1997; Halliday et al., 2001); however, they have 



also been used to study zooplankton in more turbid 
systems such as the Chesapeake Bay (Roman et al., 
2005; Zhang et al., 2006). Imaging systems employing 
cameras are generally ineffective in turbid estuarine 
systems because scattering by suspended sediment 
and phytoplankton degrades image resolution. There 
have been successful attempts to constrain the image 
volume to a small path length by placing a 35-mm 
camera and strobe within the cod end of a net (Olney 
and Houde, 1993). 

11.12 HUMAN IMPACTS 

11.12.1 Introduced Species 

The introduction of zooplankton from one system 
into another can have a profound and adverse impact 
on the ecology of the affected system. In the absence 
of natural predators and other controlling factors, 
introduced species may proliferate and dramatically 
alter existing community structure with impacts that 
extend to multiple trophic levels. Introductions may 
be accidental or intentional; however, the transfer of 
very large volumes of water in the ballast of com- 
mercial ships has proved to be an effective accidental 
means of introducing exotic species into estuarine 
systems around the world. In the San Francisco 
estuary, Cohen and Carlton (1998) estimated that 
aquatic species were being introduced via ballast 
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water transfers at the rate of one new species every 14 
weeks after 1969. While not all of fhese introducfions 
represenf zooplankton, many were fransporfed as 
meroplanktonic larvae in ballasf wafer. 

The infroducfion of fhe cfenophore M. leidyi from 
Norfh American esfuaries info fhe Black Sea and 
Azov Sea during fhe 1980s is an example of how 
an exofic species can rapidly alter the systems into 
which they have been introduced (Kideys, 2002; Oguz 
et al., 2008). Moreover, the establishment of M. leidyi 
in fhe Black Sea illusfrafes how ofher anfhropogenic 
impacfs such as eufrophicafion and overfishing can 
exacerbate fhe impacf of an infroduced species on 
an ecosysfem. M. leidyi was firsf defected in fhe 
Black Sea in 1982 and subsequenfly underwenf a 
rapid populafion increase. By fhe end of fhe decade, 
M. leidyi had replaced fhe anchovy Engraulis encrasi- 
colus as fhe fop predafor in fhe Black Sea (Oguz ef al., 
2008). During fhe 1990s, M. leidyi populafions under- 
wenf several declines and increases. Environmenfal 
facfors such as a particularly cold period combined 
with introduction of anofher cfenophore (B. ovata), 
which is a natural predator of M. leidyi, were associ- 
ated with declines in the abundance of fhe latter and 
the gradual recovery of anchovy sfocks. 

Gelatinous zooplankton are nof fhe only 
examples of infroduced zooplankton. Ballasf wafer 
offen confains abundant and diverse zooplankton 
assemblages (Cordell et al., 2009). In a study of fhe 
zooplankton in ballast water from ships docking 
in Pugef Sound, Cordell ef al. (2009) identified 124 
different taxa. Bivalve larvae were present in almost 
50% of all samples, while species of fhe calanoid 
copepod Acartia and cyclopoid copepod Oithona 
davisae were present in about 32% of samples and 
barnacle C 5 rprid and nauplii were presenf in 26 and 
21% of samples, respectively. Even af low densities 
of a few individuals of a species per cubic meter, fhe 
large volume of wafer discharged by ships (mean of 
9.5 million m^ per year in Washington Sfafe), implies 
that there is a high potential for fhe infroducfion 
of new species. Because if is so difficulf to remove 
introduced species, the focus is on preventing fheir 
release in fhe firsf place. 

How infroduced species inferacf wifh endemic 
zooplankton ranges from compefifion for resources 
fo direcf predation. Kimmerer ef al. (1994) provide 
evidence fhat a clam {Potamocorbula amurensis), which 
was introduced to San Erancisco Bay in 1986 from 
eastern Siberia, was responsible for declines in fhe 
abundance of fhe copepod E. ajfinis. The mechanism 
behind fhe decline appeared fo be direcf predation by 
the filter-feeding bivalve on fhe copepod nauplii. 



11.12.2 Eutrophication and Pollution 

The addition of nifrogen and phosphorus fo esfuar- 
ine sysfems f 5 rpically produces an increase in primary 
producfion by diafoms and ofher phyfoplankfon. In 
addition fo sfimulafing a bloom of phyfoplankfon, 
this increased production results in the release of 
addifional dissolved organic matter in fhe form of 
algal exudafes. This DOC stimulates bacterial pro- 
ducfion, which leads fo a bloom of microplankfonic 
(primarily profisf) grazers. Af fhis point, there are 
at least two potential outcomes depending upon 
the fate of fhe excess phyfoplankfon producfion. If 
fhe increase in phyfoplankfon food availabilify falls 
wifhin the food-limitation range of copepods and 
ofher crusfacean grazers, fhen fhe sfocks of fhese 
grazers should increase and graze down fhe excess 
phyfoplankfon producfion (Capriulo ef al., 2002). On 
fhe ofher hand, if grazers carmof consume much of 
fhe excess producfion, fhen bacferial decomposition 
of dead phyfoplankfon biomass will stimulate addi- 
tional microplanktonic production and the combined 
effect of fhe bacferial and microzooplankfon respi- 
ration will reduce water column dissolved oxygen, 
which will suppress mesozooplankton biomass and 
production. The latter outcome seems to be more com- 
mon (e.g., Zervoudaki et al., 2009) than the former, 
perhaps in parf due fo fhe differences in fhe genera- 
tion times of phyfoplankfon, microzooplankfon, and 
mesozooplankton. 

Eutrophication is frequently associated with low 
dissolved oxygen conditions that can directly impact 
the abundance and species composition of esfuarine 
zooplankton. In fhe Bilbao esfuary, Spain, improve- 
menfs in wasfewafer freafmenf and a decline in 
indusfrializafion resulted in higher dissolved oxygen 
concenfrafions over fhe period 1999-2001 compared 
fo fhe early 1980s (Albaina ef al., 2009). The improved 
water quality was accompanied by the occurrence of 
new species of copepods {Calanipeda aqua-dulcis and 
E. ajfinis) and fhe esfablishmenf of several species 
of Acartia. At fhe same time, fhe composition of fhe 
zooplankfon communify in the Bilbao estuary began 
to more closely resemble that of fhe nearby and rela- 
tively pristine Urdaibai estuary (Albaina et al., 2009). 

There is some evidence that changes in water 
column dissolved oxygen can directly impact the 
distribution patterns of cerfain zooplankfon faxa. Eor 
example, fhe copepod E. ajfinis is a euryhaline species 
fhaf occurs over a wide range of salinifies (Lee, 1999); 
however, ifs ability to tolerate low salinities is reduced 
at low oxygen concentrations. In the Schelde estuary, 
Netherlands, Appeltans et al. (2003) documented a 
shift in the distribution of E. ajfinis from a brackish fo 
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fresh water region over several years that appeared to 
coincide with an increase in water column dissolved 
oxygen concentrations in the fresh water region. 

Zooplankton may be particularly sensitive to 
inorganic and organic pollutants. In fact, the standard 
USEPA toxicity bioassay utilizes mysids {Mysidopsis 
bahia) as test organisms (USEPA, 1996). While such 
laboratory tests are useful for estimating lethal effects 
of toxicants, they provide little insight into how pol- 
lutants in estuaries impact the resident zooplankton. 
The impact of any pollutant depends on the dose, 
which is dependent upon exposure time and con- 
centration, both factors that can vary substantially in 
the d 5 mamic environment of an estuary. Studies of 
mixed zooplankton assemblages in mesocosms of dif- 
ferent volumes (1.5-30 m^) treated with additions of 
mercury produced increased mortality of copepods 
(Kuiper et al., 1983). This suggests that acute exposure 
to high concentrations of pollutants will lead to high 
mortalities. A review of data from oil spills support 
the existence of high mortality that is generally fol- 
lowed by rapid recovery due to the short generation 
times of zooplankton (Kennish, 1997). 

The impacts of pollutants may also be subtle. At 
sublethal concentrations, anthropogenic compounds 
may still influence the distribution of planktonic 
organisms. A laboratory study using a choice chamber 
demonstrated that postlarval brown shrimp {Far- 
fantepenaeus aztecus) and white shrimp {Litopenaeus 
setiferus) were capable of detecting and avoiding the 
compound pentachlorophenol at concentrations that 
were well below levels that would induce mortality 
(Benfield and Aldrich, 1994). Moreover, the pres- 
ence of sublethal trace amounts of pentachlorophe- 
nol were capable of suppressing previously demon- 
strated attraction to estuarine water (Benfield and 
Aldrich, 1992). Such findings suggest that the pres- 
ence of sublethal concentrations of some pollutants 
may effectively alter distributional patterns of zoo- 
plankton in estuaries if they find such waters repellent 
and actively avoid them, or alter their behaviors in 
such waters in a nonadaptive manner. 

11.12.3 Fresh Water Diversions and Dams 

Construction of dams for hydroelectric, water 
conservation, or salt water control purposes can 
dramatically alter the normal hydrological cycle, 
salinity distribution, and current velocities within 
an estuary. How zooplankton respond to these 
alterations is highly site dependent. In the Senegal 
River estuary, the construction of the Diama dam 
in 1985 appears to have altered the abundance, 
composition, and distribution patterns of zooplank- 
ton in the system (Champalbert et al., 2007). In 



comparing their results with a preconstruction 
study, which employed the same sampling gear, 
Champalbert et al. (2007) noted an increase in overall 
mesozooplankton abundance after construction of 
the dam by 1 order of magnitude. This increase was 
attributed to increased eutrophication in what had 
been an oligotrophic estuary. After construction of 
the dam, zooplankton abundances increased toward 
the dam, whereas prior to its presence, abundances 
had increased toward the estuary mouth. 
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TWELVE 



t ESTUARINE BENTHOS 



James G. Wilson and John W. Fleeger 



12.1 INTRODUCTION 



The association of humans with estuaries goes back 
millennia, as indicated by the location of ancienf sef- 
flements and fhe remains of fheir diet, which included 
organisms such as oysters and mussels. Mussels 
and oysters are members of the estuarine benthos, 
a numerically abundant if somewhaf low diversity 
group that makes up by far the major part of con- 
sumer biomass in esfuaries. Benfhic organisms are 
important in the food web of esfuaries and some are 
important fishery species. In this chapter, we describe 
the characteristics of fhis group, look af the factors 
that control their abundance and distribution, and 
discuss their importance in the estuarine ecosystem. 

Benthos is a collective term for organisms living 
in or on the bottom (Fig. 12.1) and includes both 
producers (phytobenthos) and consumers (zooben- 
thos). Benthic animals (the focus of fhis chapfer) can 
be further defined based on life habif or size (e.g., 
Friedrich, 1965, Table 12.1). Epibenthos and hyperben- 
thos have been used as terms for mobile organisms 
such as shrimps, mysids, and copepods that move 
freely befween fhe sediments and the overlying water 
column (Table 12.1). Benthic organisms are also classi- 
fied info infauna (or endo-), which denotes organisms 
that dwell in, or more specifically, burrow info, the 
sediment, and into epifauna, which attach to hard 
substrates such as rock surfaces, mangrove roots, 
or man-made structures (e.g., pilings). In estuaries, 
infauna dwell in sediments that vary from fine mud 



to gravel in subtidal bays and creeks and intertidal 
systems in vegetated and nonvegetated (i.e., mud- 
flats) habitats. Figure 12.1 shows how a number of 
characferistic benfhic organisms live in and on fhe 
sedimenfs. 

Benfhos is also classified by size, based on practi- 
cal (sampling) considerations (Table 12.2). However, 
sometimes animals of the same size may pass through 
different mesh sizes because of differenf shapes. Also, 
juvenile forms of organisms will pass through mesh 
sizes that adults cannot. Macrobenthos are generally 
defined as organisms fhat are refained on a 1- or 
0.5-mm sieve (Table 12.2). The use of a 0.5-mm mesh 
is fhe currenf sfandard, alfhough virfually all older 
work used a 1-mm mesh. The meiobenfhos has repre- 
senfafives of most animal phyla that generally remain 
in the size range of meiofauna throughouf fheir life 
(e.g., nematodes), alfhough recently settled larval 
stages of macrofauna contribute to the meiofauna 
as do appropriately sized single-celled organisms 
(e.g., foraminiferans). Microbenthos includes eukary- 
otic, single-celled forms as well as many prokaryotic 
consumers. 

12.2 SALINITY AND 
ENVIRONMENTAL VARIATION 

Esfuaries are highly variable environments. In the 
estuarine water column and sediments, variation 
in physical/chemical factors such as temperature. 
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FIGURE 12.1 Diagram representing the various types of estuarine benthos. Source: From Day et al. (1989). 



TABLE 12.1 


Definition of benthos by lifestyle with examples 




Term 


Definition 


Life-habitat 


Examples 


Epi-(1) 


On the surface of 


Epipelos — mud 
Epipsammon — sand 
Epilithion — rock 


Ostracods, triclads, copepods 
Gastropods, flatfish 
Barnacles, sea anemones 


Epi-(2) 


Above the 


Moving between sediment and 
bottom water 


Shrimps, mysids 


Endo- 


Burrowing or living in 


Endopelos — mud 
Endopsammon — sand 
Endolithion — rock, timber 


Bivalves, worms 

Mobile worms, amphipods, nematodes 
Shipworm, gribble, paddock 


Hyper- 


Above the 


Moving between sediment and 
bottom water 


Shrimps, mysids 


Supra- 


Swimming above 




Fish — linked through feeding habit 



salinity, oxygen, ammonium, and sulfides are high 
and stressful to biota. The variable salinity regime of 
estuaries has especially broad implications for ben- 
thic communities, and this driver exerts a powerful 
influence on the biota and the behavior of the system. 

Faced with variability of the environment, an 
organism may either maintain a constant internal 
state or allow it to follow external changes. These 
alternative strategies are termed regulator and con- 
former, respectively (Fig. 12.2). The balance of these 
strategies is determined by relative costs and ben- 
efits. The cost of regulation is both evolutionary, 
in the development and maintenance of necessary 
structures and processes, and bioenergetic, in terms 




FIGURE 12.2 Regulator and conformer strategies, with typ- 
ical responses to salinity from benthos: Nereis (osmoregu- 
lator) and Arenicola (osmoconformer). Source: From Wilson 
(1988). 



of the energy required to maintain the internal state 
against external variability. The reward is the optimal 
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TABLE 12.2 Definition of benthos by size, with references 



Term 


Definition 


Reference 


Benthos 


All organisms living on or in the sea floor 


Baretta-Decker et al. (1998) 


Macrobenthos 


Retained by mesh of 0.5 mm 


Kramer et al. (1994, p. 219) 


Meiobenthos 


Size between 0.1 and 0.5 or 1.0 mm 


Giere (2009) 




Upper limit of size 1- or 0.5-mm mesh 

Lower limit commonly 63 irm but sometimes 45-p,m mesh 


Higgins and Thiel (1988) 


Microbenthos 


Size smaller than 0.1 mm, but see also meiobenthos lower limits 


Higgins and Thiel (1988) 



operation of physiological functions. Conforming, on 
the other hand, costs nothing but comes at the expense 
of metabolic function. In practice, most estuarine 
organisms display a mix of strategies (Fig. 12.2b), and 
the degree or range to which regulation or conforming 
can be a viable strategy may be rather limited. Many 
estuarine animals are therefore broadly adapted to 
environmental variation, for example, the Eastern 
Oyster, Crassostrea virginica (Fig. 12.3) can survive 
and grow from 5 to 42 psu (practical salinity units) 
and withstand a rapid 15-20 psu change in salinity, 
but at a fitness cost. The osmoconforming lugworm, 
Arenicola marina, lives from near full-strength sea- 
water (>30 psu) to areas where the salinity rarely 
exceeds 15 psu in estuaries. However, worms in the 
lower salinities are smaller in size and weight, and 
only those in salinities > 20 are able to reproduce, with 
an exponential decrease in reproduction in salinities 
below 30. 

Remane (1935) h 5 rpothesized that because of these 
challenging physicochemical conditions, macrofau- 
nal marine species diversity declines with salinity 



(Fig. 12.4) and that true brackish-water species occur 
at salinities <15 psu. This conceptual model is the 
foundation for much of our understanding of the 
distribution of benthos within estuaries. However, 
salinity variation in some estuaries (e.g., the Baltic 
Sea) is low, and recent work suggests that varia- 
tion in salinity may also be an important control 
over species diversity. Attrill (2002) suggested that 
increasing salinity variation diminishes diversity, so 
the rate and scale of salinity change is also important. 
Because salinity exerts an especially strong control 
on the pool of biota in estuaries, species available for 
communities, especially in mid-estuary where salin- 
ities are most different from the end members and 
also salinity variation may be greatest, are the most 
limited. However, estuaries are also areas of high 
primary production and input from allochthonous 
sources, which fuels high levels of biomass and sec- 
ondary production for those consumers able to deal 
with the stress. 

It is important to note that biological changes 
related to salinity are not necessarily linear, nor are 




FIGURE 12.3 Oyster reef and C. virginica. Source: From Day et al. (1989). 
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FIGURE 12.4 Remane curves, showing species number and 
type with salinity. Source: From Schlieper (1979). 



they correlated along the salinity gradient. Macroben- 
thic species numbers decline from both end members 
(river and sea) into an estuary. This decline is nei- 
ther regular nor symmetrical. The lowest numbers 
are found in fhe mesohaline reaches, comprising fhe 
frue esfuarine species. The bulk of fhe esfuarine mac- 
robenfhos is of marine origin, in fhaf fhey classify 
wifh ofher, fully marine species and fhey are capa- 
ble of survival in full-sfrengfh seawafer (e.g., fhe 
polychaefe Nereis diversicolor). There are changes in 
boffom subsfrafe t 5 rpe along esfuaries, and fhis also 
plays a parf in influencing fhe disfribufion of fhe 



biofa, as do currenfs fhaf influence sedimenf parti- 
cle size. Gradienfs of salinify and subsfrafum may 
alfer fhe relative abundance of infauna wifhin esfu- 
aries. For example, macrofauna species diversify and 
biomass decrease info low salinify reaches of esfu- 
aries. Meiofauna, however, experience a decrease in 
species diversify wifh decreasing salinify buf wifh- 
ouf a large decline in biomass. Thus, fhe biomass 
of meiofauna relative fo macrofauna increases in low 
salinify reaches of esfuaries. Some esfuaries have liffle 
hard subsfrafe (e.g., bar-builf esfuaries on an alluvial 
plain), pofenfially alfering fhe relafive proportion of 
infauna and epifauna. The influence of particle size 
on fhe benfhos is addressed in fhe following sections. 

Predators and parasites are frequenfly less foler- 
anf of salinify variafion fhan fheir prey or hosfs. The 
tow and / or variable salinify of esfuaries may reduce 
biological enemies, releasing species able fo foler- 
afe tow salinify from biological confrol. The Easfern 
Oyster (Fig. 12.3) is found af ifs highesf abundance 
in Louisiana, United Sfafes, in salinities below ifs 
physiological optimum, as a resulf of reducfions of 
predation and disease-causing organisms. Thus, areas 
of esfuaries fhaf experience low salinities may acf as 
refuges from harmful biological inferacfions for many 
species confribufing fo high abundances in esfuaries. 



12.3 BENTHIC FUNCTIONAL 
GROUPINGS 



All major feeding f 5 rpes of benfhos can be found in 
esfuaries (Table 12.3). Deposivores consume parficu- 
lafe matter and assimilate carbon from in or on fhe 
sedimenf, usually included under fhe loose heading 
of defrifus, which is parficulafe organic matter mixed 
wifh sedimenfary minerals. If includes fhe remains 



TABLE 12.3 Estuarine benthic fauna and functional roles 



Group 


Size Range 
(cm) 


Individual 
Life Span 


Population 
Doubling Rate 


Functional 
Roles/Feeding Type 


Example 


Macro- 


0.1-100 


1-10 years 


1 year 


Deposivore 

Suspensivore 

Predator 

Grazer 

Omnivore 


Arenicola 

Crassostrea 

Callinectes 

Littorina 

Hediste 

Nereis diversicolor 


Meio- 


0.0063-0.1 


1-6 months 


1 month 


Deposivore 

Predator 

Grazer 


Diplosoma breviceps 
Onyx perfectus 
Desmodora schultze 


Micro- 


<0.001 


1 month 


1 week 


Grazer/predator 


Euplotes spp. Dactylamoeba spp. 
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of other biota and can be derived from both dead 
plants and animals, but the term also includes other 
material such as feces, as well as living items such 
as fungi, microalgae, or bacteria, which can either 
be unattached, or fixed to the sediment grains them- 
selves, or part of the decomposers engaged in the 
breakdown of the dead material and feces. Deposi- 
vores also ingest benthic microalgae on the sediment 
surface in shallow areas, particularly if they are non- 
selective in their feeding habits. Suspensivores, also 
referred to as filter feeders, extract their food from 
the material suspended in the water column, includ- 
ing phytoplankton and zooplankton, as well as any 
other material in suspension. In areas of high wave 
energy or turbulence where the rate of resuspen- 
sion and deposition of sediments is high, the diets 
of deposivores and suspensivores show a great deal 
of similarity. Many of the structures or organs for 
suspension feeding have an outward appearance of 
a net or filter, but some species may do both (e.g., 
suspension feed when flow rates are high but deposit 
feed during slack tides). In almost all animals studied 
except for crustaceans, the material is taken from sus- 
pension with the aid of a mucus covering (to which 
it may adhere), such that particles as small as indi- 
vidual bacteria (<1 pm in length) can be extracted 
from the water. Feeding is greatly affected by the 
size and concentration of particles in the water. Large 
particles are usually rejected or their entry barred, 
although recent work has shown that mussels and 
other suspension-feeding bivalves can take individ- 
ual zooplankton up to 3 mm in size, although maxima 
around 450-600 pm are more common. 

Functional groupings of estuarine consumers are 
customarily assigned according to their trophic posi- 
tion (Table 12.3). In practice, however, many estuarine 
consumers are much more generalized in their feed- 
ing habits. For instance, suspensivores often take in a 
lot of benthic material due to resuspension, and like- 
wise deposit feeders, especially those feeding at the 
sediment /water interface, take in suspended mate- 
rial, including phytoplankton settling out onto the 
bottom. Nereis diversicolor, an omnivore in Table 12.3, 
is a classic estuarine opportunist feeder, utilizing 
whatever food source may be present. It has a pair of 
strong chitinous jaws, and will actively hunt smaller 
prey; the mucous lining of its burrow, which is irri- 
gated by the animal's respiratory current, removes 
material from suspension (and also traps any mate- 
rial brought in from the sediment / water interface), 
which brings in the possibility of both suspension- 
and deposit-feeding; and it can also transport dis- 
solved organic matter (DOM, e.g., amino acids) across 
the body wall. Such differences may lead to great 



variation in diet from habitat-to-habitat for estuarine 
consumers (Galvan et al., 2008). 

For the majority of benthic consumers, feeding 
t 5 ^e or category is assigned based on structure or 
morphology — as with N. diversicolor, which was long 
considered a predator. Similar reasoning has been 
used with nematodes, which have been classified into 
feeding t 5 rpes depending on their mouth parts (size of 
buccal cavity, buccal plates, or jaws). These inferred 
trophic classifications have been challenged by stable 
isotope evidence, which is better at defining benthic 
trophic roles. So far, however, evidence suggests that 
trophic position is much more akin to that of N. diver- 
sicolor, which consumes a much wider range of food 
items than initially thought and that dietary contri- 
butions vary both in time and in space much more 
widely than previously assumed. A case in point is 
the role of marsh grass detritus versus microalgae in 
the diet of the benthos and hence their respective roles 
in energy flow in estuaries. An increasing number of 
studies in the United States suggest that marsh grass 
(e.g., Spartina spp.), despite its abundance, is most 
important to the diet of only a few animals [marsh 
periwinkles, the purple marsh crab {Sesarma reticula- 
tum), some amphipods, some subsurface infauna, and 
insects] that live in the marsh proper, while many oth- 
ers (fiddler crabs, and especially species in the creeks) 
rely more on phytoplankton and benthic microalgae 
as the basal resource (Sullivan and Moncreiff, 1990; 
Currin et al., 1995; Carman and Fry, 2002; Fry et al., 
2003). Marsh grass is important as a habitat for both 
prey and predator, although less so in European 
marshes where the plants are physically smaller and 
do not extend far down the shore. 

The final point to be made about food sources is 
that most benthic species have the ability to take up 
DOM against the concentration gradient, and since 
DOM is plentiful in estuarine water, this may be 
a good food source. DOM may also be adsorbed 
by amorphous particles (i.e., mucus produced by 
microbes or animals) and then consumed. 



12.4 BENTHIC ABUNDANCE, 
BIOMASS, AND SECONDARY 
PRODUCTIVITY 



Both recruitment into and survival of the benthos are 
strongly affected by stresses of the estuarine envi- 
ronment, and population densities are often very 
variable. The spatiotemporal variability in density 
of a number of estuarine benthic species is shown 
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TABLE 12.4 Feeding type, average life span (years), and CV (SD/mean) of abundances of selected macrofauna time 
in the Wadden Sea (Beukema et al„ 1983) 




in Table 12.4 along with the average life span. The 
variability of esfuarine populations is high, wifh coef- 
ficienfs of variabilify (CV) of over 200%. While if mighf 
have been expecfed fhaf fhe mosf shorf lived would be 
fhe mosf variable, fhe opposife is acfually more in evi- 
dence. The mosf shorf-lived (fhe polychaefe Scoloplos 
armiger) has acfually one of fhe lowesf CV (86%), while 
fhe highesf CV is fhaf of fhe mussel, Mytilus edulis, 
which may live for more fhan 10 years (Table 12.4). 
M. edulis is also a suspensivore, as are fhe ofher fwo 
species wifh high CV, suggesfing fhaf fhere may be 
a link befween feeding t 5 rpe wifh community con- 
trol. Beukema (1988) urged caution in overreliance on 
numerical metrics of benfhos, particularly fhose based 
on numbers or biomass, wifhouf faking info accounf 
fhe underlying long-ferm variafion af fhe sife. 

A confribufing factor fo fhe high spafial and 
femporal variabilify is fhe abilify of juveniles and 
adulfs of many soff-sedimenf species fo disperse. 
Juvenile bivalves may be suspended and deposifed 
by currenfs as an aid in finding preferred habifaf. 
For example, fhe hydrod 5 mamic regime required for 
fransporf of fhe bivalve Macoma balthica juveniles 
is similar fo fhaf which produces sedimenfs wifh 
fhe opfimum parficle size needed fo promofe fifness 
for fhis species (Fig. 12.5, and nofe fhe relationship 
befween fhe currenf speed and fhe number and size 
of individuals being fransporfed). Hydrobia ulvae uses 
surface fension of fhe wafer and floafs, upside-down, 
on ifs exfended foof (Fig. 12.6), giving if exceptional 
powers of dispersal fhrough esfuaries. As a conse- 
quence of fhis hydrodynamic fransporf, fhe densify 
of Hydrobia populations can vary a greaf deal in bofh 
fime and space quife independenfly of fhe biology 
of fhe organism. The disfribufion and abundance of 
meiofauna (mosf of which lack dispersing larvae) are 
also direcfly influenced by fhe hydrod 5 mamic regime. 
Emergence info fhe wafer column by juveniles and 
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FIGURE 12.5 Mean size (mm) of Macoma balthica larvae 
transported versus tidal current (m/s). Source: Data from 
Beukema and de Vlas (1989). 



adulfs maybe passive (by erosion) or acfive associated 
wifh mate finding, feeding, or avoidance of harsh 
environmenfal condifions (e.g., nighffime build up 
of h 5 rpoxia or sulfide). Furfhermore, fhe abundance 
of meiofauna in sedimenf has been relafed fo flow 
such fhaf highesf sedimenf densifies are found af 
slack tides (because during times of high flow, some 
meiofauna are emerged). Even fhe location of reenfry 
info fhe sedimenf by emerged meiofauna is subjecf 
fo hydrodynamic consfrainfs (e.g., densifies may be 
high in pifs and depressions where small parficles 
and meiofauna accumulate). 

A number of frends relafed fo body size are 
apparenf in benfhic communifies. The abundance of 
macrofauna in esfuaries f 5 rpically ranges from 500 
fo 10,000 ind/m^, while biomass ranges from ~5 fo 
200 g/ m^. Eor meiofauna, abundances fypically range 
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TABLE 12.5 Biomass and secondary productivity of estuarine consumer communities 



Location 


Biomass (gC/m^) 


Productivity gC/m^/ year) 


Main Habitat 


Lynher estuary, UK 


5.43 


5.46 


Intertidal mudflat 
Macrofauna 




2.64 


20.39 


Meiofauna 


Baltic Sea 


3.39 


5.4 


Macrofauna 




0.58 


2.75 


Meiofauna 


Grevelingen, Netherlands 


10.5 


25-29 


Estuary average 


Forth estuary, Scotland 


16.4 


14.6 


Intertidal upper estuary 




5.1 


6.7 


Intertidal middle estuary 




1.4 


3.6 


Intertidal lower estuary 




0.7 


0.6 


Subtidal upper estuary 


Inner Somme estuary, France 


5.35 


11.1 


Fine muddy sand; salinity: 0-30 


Swartkops estuary. South Africa 


34.7 


38.9 


Intertidal sands and muds 


Berg River estuary. South Africa 


9.5 


44 


Intertidal Zostera and mudflat 


San Francisco Bay, United States 


6.5-12 


26.5-50 


Intertidal 


Long Island Sound, United States 


27.3 


10.7 


Sublittoral average 


Southampton Water, United Kingdom 


45-95 


76-113 


Littoral mudflats 


Kiel Bight, Germany 


13.2 


8.95 


Sublittoral muds and sands 



Source: From Wilson (2002). 
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FIGURE 12.6 Flotation of Hydrohia on water surface tension and cycle of behavior. Source: From Newell (1979). 



from 10^ to 10^ ind / and biomass ranges from 0.5 
to 2 g/m^ (Table 12.5). Microbenthos have the highest 
densities but sometimes lower biomass. However, the 
turnover rate of benthic populations is related to indi- 
vidual size, such that smaller individuals generally 
have a faster turnover. A similar relationship holds for 
secondary productivity (Table 12.5). The equations in 
Table 12.6 were generated empirically from selected 
but different data sets, but some general principles 



are apparent. All the relationships are very similar 
for the range of sizes for which they are valid, but 
there are notable differences between, for example, 
the equations for bacteria and for meiofauna. Inter- 
estingly, the individual body size exponent of the 
equations for the fauna in all cases falls within a fairly 
narrow range, from —0.274 (Brey, 1990) to —0.337 
(meiofauna, Schwinghamer et al., 1986), suggesting 
some underlying physiological constraint, and the 
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TABLE 12.6 Productivity (P) and productivityibiomass ratio {P:B) as a function of biomass (fi), body size (M, kcal 
equivalents), and temperature {T° C) 



Group 


Relationship 


References 


Bacteria 


P\B = 0.696 * 208 


Schwinghamer et al. (1986) 


Meiofauna 


P : fi = 0.073 * M '’ 337 


Schwinghamer et al. (1986) 


Macrofauna 


P-.B = 0.525 * /M-'> 304 


Schwinghamer et al. (1986) 


Benthic invertebrates 


P\B = 0.65 * ° 37 


Banse and Mosher (1980) 


Benthic invertebrates 


login P = -0.473 -F 1 .007 * log,o B - 0.274 * logm M 


Brey (1990) 


Benthic invertebrates 


P = 0.0049 * fio so 7 - 0.89 


Edgar (1990) 



Source: From Wilson (2004). 



different results generated by the equations are due 
to the different nature of the groups rather than 
just simple size differences (Table 12.1) among them. 
Table 12.6 also suggests a temperature, or perhaps lat- 
itudinal, effect on productivity (Edgar, 1990), which 
is higher in warmer waters (Exponent = -1-0.89). 

While clearly the number of individuals (A, abun- 
dance) and the individual size (M, mass) control 
biomass (B — A*M), secondary productivity is also 
crucial in evaluating the importance of organisms 
in estuarine systems. The interaction among these 
factors can result in almost equal contributions of 
macrofauna, meiofauna, and microfauna to system 
productivity (Table 12.7). In turn, productivity is 
related to the rates of other physiological processes 
such as respiration, consumption, and N excretion. 
Some examples of secondary producer biomass and 
productivity from a range of estuaries are shown 
in Table 12.5. These data show a remarkable con- 
sistency among the systems, with both biomass and 
productivity values for the estuarine benthic system 
clustered around 10-20 gC/m^/ year. 

Benthic communities in estuaries are sensitive to 
environmental change and are often used to help 
characterize ecosystem health. However, some com- 
munities are highly persistent over time. The species 
diversity of two macrobenthic communities in Dublin 
Bay, Ireland, over a period of some 20 years illus- 
trates long-term consistency (Eig. 12.7). The number 
of species in the two communities has remained 
remarkably consistent over the period, but the bal- 
ance among species, as evidenced by the Sharmon 
index, an index of species diversity, has changed. Eor 



much of the period, the two sites showed remark- 
ably similar trends, namely an increase in Sharmon 
diversity in the early years followed by a decline 
until the middle of the 1990s, when the two sites 
diverged (Eig. 12.7b). This divergence was not due 
to a change in the number of species (Eig. 12.7a) but 
a change in the numbers of individuals, indicating 
how the balance between recruitment and mortality 
affects community structure. 



12.5 TROPHIC INTERACTIONS 
AND ECOLOGICAL ROLE 

Benthic communities play significant roles in the flow 
of energy, in the cycling of nutrients, and in trophic 
transfer in estuaries. Infauna are known to enhance 
the rate of decomposition of detritus by several direct 
or indirect means, including (i) reducing the parti- 
cle size of detritus by ingestion and passage through 
the digestive tract, increasing the susceptibility of 
detritus to microbial attack; (ii) increasing sediment 
O 2 content by bioturbation, which enhances aerobic 
decomposition; (iii) grazing on microbes which alters 
the ratio of senescent to active bacteria, favoring active 
bacteria; and (iv) mobilizing nutrients. Large benthic 
animals also increase the flux of nutrients from sedi- 
ment to overlying water by irrigating burrows and by 
reducing the compaction of sediments by extensive 
bioturbation. Rates of nutrient release from sediments 
are thus increased by benthos, ultimately increasing 
pelagic productivity. Benthos may also contribute to 



TABLE 12.7 Biometrics for macro-, meio-, and microbenthos^ 




1 gC = 2 g AFDW = 10 g wet weight (excluding shell). 
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FIGURE 12.7 (a) Number of species and (b) Shannon- 

Weiner index (H') at two sites in Dublin Bay, Ireland 
(Wilson, unpublished data). 



the transfer of contaminants from the sediments to 
the pelagic food chain by trophic transfer. 

Another principle role of benthos is to medi- 
ate transfer from lower trophic levels, and thus the 
amounts transferred depend a great deal on the 
input of energy to the benthos. There is variation 
in the variety of primary producer inputs to estuar- 
ine systems and substantial intersystem variability in 
the proportional contributions of each (Table 12.8). 



These are then linked to feeding f 5 cpes of fhe primary 
consumers, fhus defermining fhe primary pafhways 
of fransfer. 

For esfuarine sysfems, in general, fhere is gener- 
ally a greaf er fransfer of primary producf ivify fhrough 
fhe benfhic sysfem fhan fhe water column (Table 12.9) . 
This is one of fhe driving forces for fhe imporfance 
of benfhic food webs in esfuaries fhat contribufe fo 
fhe nursery funcfion for fish and crusfaceans, which 
include imporfanf fishery species. Buf fhe shallow- 
ness and cycle of deposifion/ resuspension in many 
sysfems can blur much of fhe disfincfion between sur- 
ficial sedimenfs and wafer column suspended partic- 
ulafe matter, and many benfhic diafoms, for example, 
are commonly found in esfuarine phyfoplankfon 
samples. Also, much of fhe aufochfhonous esfuar- 
ine primary producfivify is fransferred fo higher 
frophic levels via fhe decomposer (fungi/bacferia) 
pafhway rafher fhan direcfly grazed by herbivores, 
and defritivores may ingesf, bofh selecfively and uns- 
elecfively, fhe microphyfobenthos on the sediment 
surface; fherefore, benfhic consumers confribufe dis- 
proporfionafely fo esfuarine energy flow. 

On Norfh America's Aflanfic coasf, fhe esfuar- 
ine snail Littoraria irrorata firsf sfimulafes and fhen 
grazes fungi fhaf grow on marsh grass. Experimenfs 
have demonsfrafed a faculfafive, farming mufualism 
between L. irrorata and fhe fungi, which also sup- 
presses marsh grass producfion in which fhe snail 
grazing on fhe grass prepares fhe subsfrafe for fhe 
fungal infecfion, and fhus may exerf fop-down con- 
frol of primary producfion (Silliman and Berfness, 
2002 ). 

The imbalance between benthic and planktonic 
pathways continues to higher levels (Table 12.9), in 
terms of bofh primary consumer biomass and pro- 
ducfivify. Biomass is a biased measure of comparison, 
where benfhic organisms may be many times larger 
fhan fheir planktonic counferparfs, buf producfivify 
is similar. 

The low diversify in esfuaries may also be a fac- 
tor in fhe sfrucfuring of food webs, which may be 
only fwo sfeps long (e.g., primary producfion = > 



TABLE 12.8 Balance (% of total) of energy inputs from primary producers (phytoplankton, PP; microphytobenthos, 
MPB; macroalgae; submerged aquatic vegetation, SAV; and saltmarsh) into estuarine systems 




Source: From Wilson (2003) and references therein. 
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TABLE 12.9 Relative importance (biomass, gC/m^; secondary productivity, gC/m^/ year) of water column 
(zooplankton) and benthic (benthos) pathways in the estuarine environment 



Estuary 


Zooplankton 

Biomass 


Zooplankton 

Productivity 


Macrobenthos 

Biomass 


Macrobenthos 

Productivity 


Chesapeake Bay, USA 


0.39 


0.38 


5.2 


5.5 


Apalachee Bay, EL 


0.03 




1.81 




Ythan, Scotland 


0.12 


0.83 


28.2 


68.3 


Dublin Bay, Ireland 


0.02 


0.14 


14.9 


15.7 


Somme, France 


0.04 


0.24 


16.0 


9.5 



Source: Data from Wilson et al. (2008) and references therein. 



benthos > = vertebrate consumer). Since, as a rule 
of thumb, only about 10% of fhe energy af one 
frophic level is transferred fo fhe next, the fewer 
the transfers, fhe more of fhe primary producfion or 
allochthonous inputs ends up in the top consumers, 
including humans. A simple box model for Dublin 
Bay illusfrafes fhese general principles (Fig. 12.8), 
especially fhe size of allochfhonous inpufs relafive fo 
primary producfion, fhe cenfral role of fhe benfhos as 
consumers, and shorf food chains. The largesf parf of 
fhe confribufion fo esfuarine food webs from benfhos 
is from macrofauna. However, meiofauna, especially 
harpacficoid copepods, also confribufe as food for 
young-of-fhe-year fish (nof shown in Fig. 12.8) and 
crusfaceans. Some species (e.g., flaffish, salmon, and 
brown shrimp) are heavy feeders on meiofauna con- 
suming thousands per day. These nekton species 
undergo feeding shiffs fo larger prey as fhey grow and 
fhe disfincfion befween meiofaunal and macrofaunal 
feeders is somewhaf blurred. 



12.6 SUBSTRATE-BENTHIC 
RELATIONSHIPS 



The physical habifaf ifself can influence whaf kinds 
of benfhic communities may establish, from hard 
subsfrafa needed by epifauna for affachment fo fhe 
soff subsfrata for infauna. In some cases, fhe fauna 
and fhe subsfrafum are one and fhe same, where fhe 
success of mussels or oysfers has reached such pro- 
portions as to physically dominate the habitat, turning 
a soft, muddy substratum into a reef of hard shells. 
The reef of fhe Easfern Oysfer, C. virginica, forms a 
communify of numerous organisms (Fig. 12.8). The 
dynamics of fhis process has been discussed in fhis 
chapfer. Sedimenf f}^e is frequenfly relafed fo benfhic 
communifies and fhere is a long hisfory of research 
relating sediment and benthic communities in estu- 
aries. For example, while many species are found 
over a wide range of sedimenf fypes, mosf display 




FIGURE 12.8 Simple box model of energy flow through the ecosystem of Dublin Bay, Ireland. 
Source: From Wilson et al. (2007). 
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clear preferences for a much narrower range (e.g., 
M. balthica occur from jusf below low wafer almosf 
fo fhe high fide limif in sedimenfs of 0-60% silf). 
The abilify fo relafe communities and sedimenf may 
be due direcfly fo differences in pore spaces and 
fhe archifecfure of fhe sedimenf parficles or fo fhe 
sfrong indirecf effecf of sedimenfs on chemical gradi- 
enfs wifhin sedimenfs (Snelgrove and Bufman, 1994; 
Fig. 12.9). Sedimenf fype also feafures prominenfly in 
classification sysfems for esfuarine benfhic commu- 
nifies such as fhe EUNIS scheme adopfed in Europe 
by fhe EU (hffp:/ /eunis.eea.europa.eu) or fhe NOAA 
scheme in the Unifed Sfafes (Allee ef al., 2000). Sedi- 
menf fype is relafively unchanging af a given locafion 
relafive fo fhe variabilify inherenf in fhe wafer col- 
umn and offen assigned fo cafegory (rock, sand, mud, 
efc.). Eurfhermore, sedimenfs are offen reposifories 
for pollufanfs, and sedimenf chemisfry is used as an 
imporfanf criferion for risk assessmenf and environ- 
mental health. 

Within the sediment itself, fhe infauna are con- 
fronted by steep and varied gradients of physico- 
chemical changes wifh depfh (Eig. 12.9). The acfual 
depfh of fhe redox profile disconfinuifyRedox Profile 
Discontinuity (RPD) and the steepness of fhe gradi- 
enf are confrolled by fhe rate of movemenf of oxygen 
info fhe sedimenf and ifs rafe of consumpfion. In 
coarse sedimenfs such as sands, wifh large spaces 
between fhe grains, fhe RPD occurs many fens of 
cenfimefers below the surface, while in finer muds, 
if may be measured in fracfions of a millimefer. The 
availabilify of oxygen is a major factor confrolling 
fhe depfh disfribufion of benfhos. The deeper macro- 
fauna musf maintain a contact with the overlying 
water either through long, extensible siphons, as in 
the larger bivalves, or through irrigated burrows. 
Meiofauna rely on other adaptations to live below the 
RPD. Some meiofauna live af depfh in fhe oxygenated 
halo around burrows of large macrofauna, some dis- 
play body shapes fhaf are longer and/or fhirmer fo 
enhance diffusion or are long enough fo exfend info 
fhe oxic zone, and some appear fo folerafe anaerobic 
conditions buf migrate fo fhe oxygenafed surface for 
gas exchange. 

The nafure of fhe subsfrafe is closely linked fo 
hydrographic dynamics (Chapter 2) and in particu- 
lar by fhe relafionship between water energy (current 
speed or waves) and sediment particle size; the higher 
the energy, the larger the particle that may be trans- 
ported. Elowever, this relationship is not as simple as 
it may seem (Pig. 12.10) in that slightly more energy 
is needed to pick up and move a particle once it has 
been deposited, and in the case of the finest sediments 
(silts and clays), the electrostatic attraction between 



the particles causes them to stick together (hence the 
term cohesive sediment) and thus acts as an increasing 
barrier to prevent resuspension (Chapter 2). 

12.7 HABITAT-BIOTA 
INTERACTIONS 



The biota may themselves play an important role in 
providing or modifying habitat. Benthic communities 
are often higher in abundance and species diversity in 
oyster reefs, seagrass beds, and mangroves compared 
with nearby nonvegetated areas. Plants especially 
may improve the environment for consumers by pro- 
viding food, shelter, and the amelioration of harsh 
environmental conditions (e.g., plant roots oxygenate 
sediment). In addition, the complex physical struc- 
ture of plant communities and reefs baffle water flow, 
increasing the potential for larval settlement. Plants 
may serve as substrate for epiphytic algae and shade 
the seafloor. Therefore, plants in estuaries (e.g., marsh 
macrophytes and mangroves) have been called /oun- 
dation species, increasing consumer abundance and 
diversity (Crain & Bertness, 2006). 

Suspension and deposit-feeding benthos may 
also modify the environment-enhancing plants and 
other biota. Many examples of this ecological engi- 
neering have been investigated. Suspension-feeding 
invertebrates filter large volumes of water in estu- 
aries, removing algae and suspended sediments and 
transferring large numbers of fecal pellets to the sed- 
iment. Pecal pellets are rich in nutrients that alter 
nutrient dynamics by enriching sediment nutrient 
content and plant growth. Deposit-feeding and large 
burrowing invertebrates are important bioturbators 
that increase the depth of oxygen penetration into 
the sediment. Experimental studies have shown that 
fiddler crabs enhance Spartina alterniflora production 
and flowering at least partly by stimulating mycor- 
rhizal associations on plant roots as a by-product of 
burrowing that aerates the soil (Daleo et al., 2007). 

12.8 OXYGEN/HYPOXIA 

Many factors influence oxygen availability to benthos 
and the faunal response to reduced oxygen con- 
centrations. Epifauna experience variation in oxygen 
availability along the subtidal/ intertidal /supratidal 
gradient driven both by the amount of time of expo- 
sure to air (when atmospheric oxygen is available) 
and by the mixing and movement of the overly- 
ing water. Subtidal sediment oxygen concentrations 
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FIGURE 12.9 Chemical and biological gradients in the sediment. Source: After Fenchel and Reidl (1970). 
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FIGURE 12.10 Sediment particle size and water energy. 
Source: From Wilson (1988). 



vary as a function of the concentration in the over- 
lying water, photos 5 mthesis by benthic algae, and 
oxygen consumption by microbes and the infauna 
themselves. 

Variation in sediment oxygen concentrations in 
estuaries may be diurnal, associated with tidal cur- 
rents, seasonal, or highly variable. In some European 
estuaries, a combination of neap tides, high temper- 
atures, decaying phytoplankton blooms, and high 
benthic density can arise on decadal scales, caus- 
ing low oxygen conditions and benthic mortality. 
Estuaries often have a tendency toward low oxy- 
gen concentrations. An often-noted characteristic of 
estuarine systems is the "oxygen sag" in which oxy- 
gen saturations may permanently be well below full 
saturation in some reaches of an estuary (Eig. 12.11). 
A principal factor in the oxygen sag is the turbidity 
maximum, where high concentrations of suspended 
particulate matter not only contribute to the sag 
through the respiration of the associated microbes 
but also restrict light that might otherwise increase 
photosynthesis and reoxygenation. This phenomenon 
may be particularly pronounced when scouring is suf- 
ficient to resuspend some centimeters of the bottom 
sediments, including those below the RED (Eig. 12.9), 
in which oxygen is used up in the chemical reactions 
as the reduced compounds are reoxidized. 

Benthic infaunal responses to h 5 rpoxia, defined as 
oxygen levels below 2 ml /I, typically involve avoid- 
ance or mortality of large-bodied species and elevated 
abundances of enrichment opportunists. Responses 
of benthos to hypoxia depend on the duration, pre- 
dictability, and intensity of oxygen depletion. Cal- 
careous foraminiferans and nematodes are partic- 
ularly tolerant of low oxygen concentrations and 



160 




FIGURE 12.11 Oxygen sag in the Liffey estuary: DO level 
and chlorophyll concentration in the water with time. 
Courtesy T. O'Higgins, Dublin Corporation. 



may attain high densities and dominance. When 
oxygen is sufficient to support metazoans, small, soft- 
bodied invertebrates (t 5 rpically annelids), often with 
short generation times and elaborate branchial struc- 
tures, predominate. Crustaceans and echinoderms 
are typically more sensitive to hypoxia and have 
higher oxygen thresholds than armelids, mollusks, 
and cnidarians. Within a species, early life stages 
may be more subject to oxygen stress than older life 
stages. H 5 rpoxia alters both the structure and function 
of benthic communities, but effects may differ with 
regional h 5 rpoxia history. Eor example, infauna living 
on mudflats are likely to be tolerant to h 5 y>oxia on the 
timescale of many hours as an adaptation to living 
on mudflats, which frequently experience nighttime 
h5q)oxia. 

Under both natural and eutrophication-caused 
h 5 rpoxia, there is loss of species diversity through 
attrition of intolerant species and the community 
shows elevated dominance, as well as reductions in 
individual body size. These shifts in species compo- 
sition and diversity yield altered trophic structure, 
energy flow pathways, and corresponding ecosystem 
services such as production, organic matter cycling, 
and organic C burial. H 5 rpoxia, for example, may 
alter the fate of energy in that more energy is used by 
microbes and less is used by animals under conditions 
of h 5 rpoxia (Diaz and Rosenberg, 2008). 

H 5 q?oxia also provides a good example of the 
interaction between biological and physicochemical 
factors in estuaries. In h 5 rpoxic conditions, many 
benthic species will leave the sediment (and may 
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also become sluggish, often to the point of coma 
before actual death) that then leaves them vulnera- 
ble to nektonic predators. Recent work has shown 
in these conditions that the predation on the ben- 
thos is increased and has a significant effect on the 
structuring and function of the benthic system. 

12.9 BENTHIC RECRUITMENT 
AND THE ABUNDANCE OF 
ADULTS 



The adjacent sea can be a source of sediments, nutri- 
ents, salinity, and oxygen as well as a pathway for 
active and passive migration of juvenile and larval 
forms. Much of the estuarine benthos is of marine ori- 
gin and the majority of the organisms retain many of 
the t 5 rpical features, including planktonic larvae. The 
planktonic phase is a vital mechanism through which 
benthic species are dispersed, but in the d 5 mamic 
conditions in many estuaries, there is a high risk that 
the larvae may be flushed from the system. Some 
species, such as N. diversicolor, have evolved a mod- 
ified planktonic phase in which not only is the time 
spent in the plankton reduced in comparison to simi- 
lar fully marine species but the larvae also stay close 
to the seafloor. In this way, they can take advantage 
of the hydrographical structuring both in terms of 
higher salinity and up-estuary movement of the salt 
wedge. 

Another classic example of biological exploita- 
tion of estuarine hydrography is illustrated by the 
blue crab, Callinectes sapidus (for an example from 
the Chesapeake, see Bell et ak, 2003). Adults live in 
mid-estuary, the females migrate to the coast (near 



full-strength salinities) to spawn, the larvae develop 
through the various stages in the coastal waters, 
and the megalopae drop down in the water column 
into the salt wedge to be transported back into the 
estuary where they molt into juveniles and continue 
up-estuary to their adult habitat. 

In general, the tolerances of larvae are narrower 
than those of the adults, such that the adults may sur- 
vive in conditions of salinity (or other stressor or com- 
binations of stressors) where the larvae would not. 
Under these circumstances, successful recruitment 
and colonization is dependent either on mechanisms 
such as that for the blue crab or on a temporary ame- 
lioration of conditions coinciding with the availability 
of the larvae in the water column. As a consequence, 
many estuarine populations show an irregular cycle 
of abundance, where a good recruitment year may be 
followed by several poor years. 

As mentioned above, estuarine populations are 
subject to considerable fluctuations, often controlled 
by stochastic processes determining recruitment suc- 
cess. However, not all control is exerted by physico- 
chemical parameters. Figure 12.12 shows a model of 
cyclic fluctuations in cockle {Cerasioderma edule) popu- 
lations in which both internal and external biological 
factors modify density following initial settlement. 
Successful settlement leads to a rapid increase in 
numbers. This, coupled with growth of individuals, 
induces increasing intraspecific competition, which 
acts to restrict further growth in the population. As 
the population ages, mortality increases in older indi- 
viduals, and there is poor recruitment due to the 
negative effect of high adult densities on the success 
of recent recruits, leading to a fall in the numbers. 

A cycle of abundance alternately dominated by 
C. edule and a tube-building spionid polychaete 
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FIGURE 12.12 Population cycles in the bivalve C. edule. Source: From Ducrotoy et al. (1991). 
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{Pygosio elegans) has also been described, with each 
being able to partially exclude the other by virtue 
of exceptional densities at the height of fhe cycle 
(Fig. 12.13). P. elegans is an excellenf opporfunisf 
species, able fo colonize when C. edule numbers are 
low. The fubes of P. elegans sfabilize fhe sedimenf and 
accelerafe accretion, causing fhe shore level fo rise 
and rendering fhe habifaf less suifable for C. edule. C. 
edule reesfablishes only when fhe P. elegans colonies 
have grown fo such an exfenf fhat fhe level of fhe sub- 
sfrafum has been significanfly raised and fhe animals 
are subjecf fo high fide levels of femperafure and des- 
iccation. When fhe worms die off, fheir tubes break 
up and the sand bank erodes down to its original 
level, leaving a now-vacant space for fhe cockles. 

A similar cycle has been shown in fhe growfh and 
mafurafion of mussel (M. edulis) beds (Fig. 12.14) and 
oysfer reefs on mudflafs. Mussels adhere fo hard sub- 
sfrafes by fheir byssus fhreads, which nof only offer a 
sfrong affachmenf buf can also be used for positioning 
and local movement by detaching and reattaching. As 
epifauna, they require something solid to first attach. 
This first attachment can be a stone or a shell to which 
the byssus is attached. If fhe individual survives, fhen 
ifs shell in furn offers hard subsfratum for fufure 
sefflers, whose byssus fhreads acf fo bind fogefher 
the clump along with anything else they may be able 
to attach to. Once the clump reaches a certain size, 
then its own weight confers sfabilify and prevenfs 
if from being displaced or ofherwise washed away. 
Successive waves of sefflers fhen increase bofh fhe 
size and heighf of fhe mussel bed, since nof only 
do fhe sefflers favor fhe fop of fhe clump buf fhe fop 
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FIGURE 12.13 Model of interactions between C. edule and 
P. elegans. 
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FIGURE 12.14 Diagrammatic representation of the cycle of 
mussel-bed buildup and dieback. 



position also confers a double advanfage. Those af fhe 
fop have better access fo bofh fhe food, since mussels 
are suspensivores, and oxygen in fhe wafer column, 
while fhe feces and pseudofeces, which fall info fhe 
clump, greafly accelerafe fhe fendency foward anoxia 
underneafh. Oysfer reefs undergo similar d 5 mamics 
and can be creafed if hard subsfrafes, including oys- 
fer shell (artificial ones are called Oyster cultch), are 
placed on fhe muddy seafloor. Mafure reefs of C. 
virginica reach info fhe inferfidal zone on fhe easf 
coasf of Norfh America, and reef heighf is imporfanf 
for sfabilify. Reefs fhaf are foo shorf fo exfend above 
the near-bottom h 5 rpoxic zone are less productive. 
Overfishing the oyster reef can reduce reef height and 
threaten reef productivity. 

The model of irregular recruitment into estuarine 
benthic populations, and the effects on population 
growth and production, was set out by the work of 
Hughes on the bivalve Scrobicularia plana (Hughes, 
1970). The classic pattern that emerged was of a spo- 
radic and even stochastic frequency and intensity 
of settlement, in which a single good recruitment is 
marked by a peak in abundance, which could be fol- 
lowed over the subsequent decade, when population 
d 5 mamics were largely governed by the performance 
of that year class. In such circumstances, benthic 
community composition becomes a function of the 
regularity of recruitment and the longevity of the 
component species. 

There is some evidence of density-dependent reg- 
ulation of suspensivore populations. Recruitment of 
juvenile cockles (C. edule) is negatively affected by 
high densities of the adults, although whether this is 
due to the adults actually taking the larvae themselves 
(possible, but unlikely in numbers given their size) 
or simply that the adults are removing much of the 
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food from fhe water column and fhus decreasing the 
amount available for larvae is unclear. Such a nega- 
five feedback mechanism should, in accordance wifh 
fhe fheory fhaf biological confrols acf in a densify- 
dependenf marmer, resulf in a dampening of fhe pop- 
ulafion flucfuafions, buf since fhis appears fo rarely 
be fhe case (Table 12.5), fhe nondensify-dependenf 
factors (e.g., physicochemical facfors and exfemal 
influences) musf be presumed fhe more importanf. 
On a regional basis, temperafure has been shown fo 
exerf an influence on cockle recruifmenf, alfhough 
the influence is nof sfraighfforward. Bofh unusually 
tow and unusually high femperafures affecf recruif- 
menf, buf fhe degree of influence and fhe mechanism 
(e.g., condition of parenfs and fiming) fhrough which 
recruifmenf is affecfed varies wifh locafion, as does 
the impact of such temperafure anomalies. 

12.10 PREDATION TOP-DOWN 
AND BOTTOM-UP CONTROL 

Benfhic consumers are key intermediates in estuarine 
systems because a large fraction of fhe flow of energy 
is associated with sediments both on the bottom and 
in suspension and charmeled through infauna and / or 
epifauna. Top-down frophic cascades occur when 
predators in a food web suppress fhe abundance of 
fheir prey, fhereby releasing fhe nexf lower frophic 
level from predation (i.e., fhe fop-down effecf spans 
two or more trophic levels such that removing top 
predators has indirect effects on lower trophic levels). 
Estuarine benthos may experience top-down effects; 
suites of predafors (including invertebrates, fishes, 
and birds) exert influence on benthic populations, 
and large predators in many estuaries have been 
diminished by overfishing or ofher human acfivifies. 
However, fhe potential for frophic cascades appears 
fo differ for infauna and epifauna. For infauna, preda- 
for exclusion sfudies suggesf fhaf benfhic animals 
increase in abundance in fhe absence of predafion buf 
withouf a change in species diversify (no species com- 
pefifively excludes ofhers). Buf fhis fop-down confrol 
does nof exfend fo fhe prey of infauna, fhat is, ben- 
thic microalgae do not decrease in abundance when 
infauna increase. Infauna interacf weakly wifh ben- 
thic microalgae, perhaps because the diet of infauna 
is diverse (Johnson and Fleeger, 2009). However, epi- 
fauna may be imporfanf infermediafes in a significanf 
fop-down frophic cascade, involving S. alterniflora in 
which fop predafors (such as blue crabs) indirecfly 
influence primary producers via herbivory by L. irro- 
rata. Similar conclusions of fhe imporfance of frophic 



cascades have been reached in sea grass communities 
and fheir epiphyfes in esfuaries (Heck & Valenfine, 
2007). 

The alfernafive fo fop-down confrol is fhaf benfhic 
systems are also confrolled by boffom-up facfors such 
as food or nufrienf (N and P) loading. Experimenfal 
evidence suggesfs fhaf food qualify of fhe sedimenf 
may limit infaunal populations (Cheng ef al., 1993) 
and fhat adding food (defrifus) leads fo increases 
in population density, especially for deposif-feeding 
species. However, infauna may respond fo increased 
food qualify by increasing body size or production 
wifhouf increases in population density. Questions of 
boffom-up confrol are relevanf because many esfu- 
aries have experienced increases in nufrienf loading, 
fhus increasing primary production, and if is impor- 
fanf fo know how benfhic populations respond and 
if fhey feedback fo primary producers. The relafive 
imporfance of top-down and boffom-up forces fo 
benfhic fauna is also of inferesf buf has been difficulf 
fo address because large-scale manipulative experi- 
menfs are difficulf fo conducf and are rare in esfuaries 
(Deegan ef al., 2007). Inferacfions between top-down 
and bottom-up forces appear fo be rare (Posey ef al., 
2002) buf are pofentially important because human 
activities frequently reduce top predators and simul- 
taneously increase nutrient loadings. 

The shorecrab {Carcinus maenas) provides a classic 
example of predafor/prey interaction in ifs feeding 
on M. edulis. Experimenfs have demonsfrafed fhaf 
nof only is fhere a sfrong link between the size of 
crab and the size of mussel taken, but that the crab 
strategy is one of optimal foraging. The larger the 
mussel that is eaten, the greater the reward (amount 
of energy) to the crab. However, the larger the mussel, 
the more time and energy it takes to open it, and so 
the optimum strategy is one of minimizing the costs, 
while maximizing the return with the result that 
there is an optimum size of prey to be taken. Smaller 
mussels can be taken if the optimum size is scarce, 
but when the mussel reaches a certain size, the shell 
is too thick and solid to be cracked by the crabs and 
they then become invulnerable to crab predation. The 
influence of this is clearly shown in Figure 12.15, as it 
is for the other predators in terms of the age structure 
of the shellfish prey population. 

12.11 HUMAN IMPACTS ON 
ESTUARINE BENTHOS 



There is a long history of human exploitation of 
the estuarine benthos. The abundance of many 
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FIGURE 12.15 Optimal foraging and size selection of mussels (solid bars) and cockles (hatched bars) by large (L) and medium 
(M) crabs. Vertical axis is size of crab in centimeter. Source: From Mascaro and Seed (2001). 



estuarine shellfish populations has long been 
exploited and indeed overexploited. Table 12.10 lists 
some of the major estuarine species taken and also 
the very considerable quantities, which has not been 
without impact on the estuarine system. 

The first recorded commercial lease of an oyster 
bed is documented from 1705 in Dublin Bay, Ireland, 
for which the fee for one bed alone was 10,000 oysters 
armually to be paid to the Mayor plus 1000 a year 
to each of the Sheriffs. At present, almost no trace 
remains of the extensive oyster beds in Dublin Bay, 
and while pollution may have played a part, such a 
high level of exploitation carmot have been sustain- 
able. Interestingly enough, the Dublin Bay cockles 



were also widely exploited, with some 6000 gallons 
(about 100 tons) taken armually, at least until their 
collection was forbidden in 1908 on public health 
grounds, yet their populations still seem to be about 
the same today as formerly. 

The Eastern oyster, C. virginica, in the Chesapeake 
Bay has also suffered as a result of exploitation and 
pollution. It was estimated that at the time of the 
heyday of the fishery at the end of the nineteenth 
century, over 300 million bushels (just under a million 
tons) of oysters were taken in the state of Maryland 
alone, and the standing stock of oysters was by itself 
capable of removing almost 80% of the phytoplankton 
of the system (Newell, 1988). The decline of the oyster 



TABLE 12.10 Annual harvest (1999 catch, xIO^ tonnes) and salinity tolerance of estuarine consumers with 
comments on status of stocks 



Species 


Comments 


Salinity Range 


1999 Catch 


Mytilus edulis 


Northern Europe, Cultured widely: 
hybridizes with M. galloprovinciaiis 


3-35 


122 


Mytilus galloprovincialis 


As M. edulis; southern Europe, 
Mediterranean, and Black sea 


10-35 


56 


Perna viridis 


As with other Perna species increasingly 
fished and cultured 


18-33 


22 


Mussels 


Global harvest 




1689 


Callinectes sapidus 


Chesapeake Bay-blue crab, no. 1 seafood, 
larval salinity tolerance >20 


0-35 


105 


Crangon crangon 


Local fisheries, not cultured 


5-35 


37 


Penaeus monodon 


Widely cultivated 


10-35 


144 


Crab, prawn, shrimp 


Global harvest 




4126 


Crassostrea virginica 


Chesapeake Bay harvests, much reduced 


5-30 


146 


Crassostrea gigas 


Most popular species for worldwide 
culture, spawning temperature 
restricted in NorthEurope 


8-36 


12 


Ostrea edulis 


Beds much reduced and threatened by 
diseases 


24-35 


2 


Oysters 


Global harvest 




3869 


Cerastoderma eduie 


Laborious to collect: now mechanized 
methods (with environmental conflicts) 


15-35 


70 


Nereis virens 


Fishing bait, now small-scale culture 


15-35 


0.3® 


Glycera dibranchiata 


Fishing bait, restrictions, and quotas apply 


12-47 


0.3® 



■^Data for State of Maine only: peak tonnage (1980-1999) quoted. 
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stocks to a fraction of fheir former level, and fhe 
resulfing decline in fhe confrol on fhe sysfem exerfed 
by fhe oysfer, was suggesfed as a causafive facfor 
in fhe change in fhe sysfem, and in parficular fhe 
abundance of cfenophores and sea neffles. 

A confounding facfor in fhe decline of C. virginica 
in fhe Chesapeake has been disease, especially fhe 
unicellular parasife MSX, and serious consideration 
has been given fo replace fhe nafive oysfer wifh ifs 
Japanese equivalenf. The laffer is resisfanf fo MSX, 
and, by resforing oysfer populafions back toward 
fheir historical levels, fhey would bring fhe sysfem 
back fo whaf if had been. However, fhis plan has 
been vigorously opposed, as fhe hisfory of infroduc- 
fions of normative species is littered wifh unintended 
and usually harmful consequences. The European flaf 
oysfer, Ostrea edulis, is a good case in poinf. As fheir 
sfocks diminished fhroughouf Europe (see example 
above of Dublin Bay), fhey were replaced firsf by C. 
virginica, and fhen by C. gigas, nof leasf because fhese 
infroduced species grew faster and were ready for 



markef in 2 years, as opposed fo fhe 3 or 4 years 
required by O. edulis. However, fhese infroducfions 
broughf wifh fhem (among ofhers) fhe slipper limpef 
Crepidula fornicata, which is a feeding compefifor fhaf 
also overgrows fhe oysters and covers fhem wifh 
feces; fhe oysfer drill Urosalpinx cinerea, which is a 
predator; and fhe oysfer wasting disease Bonamia 
ostreae — an infracellular parasife. If is fhe lasf of fhese 
which is having fhe greafesf effecf on fhe remaining O. 
edulis beds, and a greaf deal of efforf, and regulafion, 
is being expended fo confrol and resfricf any furfher 
expansion of fhe condifion info unaffecfed areas. 

In larger esfuaries, frawling for fish and dredging 
of shellfish have major physical, chemical, and bio- 
logical impacfs, as does fhe dredging of charmels for 
shipping. Table 12.11 lisfs some of fhe major impacfs 
and consequences for fhe benfhos. 

Pearson and Rosenberg in 1978 developed fhe 
classic model of fhe effecfs of sfress / pollution on fhe 
benfhos (Eig. 12.16). After a disfurbance, opporfunisf 
benfhic species are fhe firsf fo colonize fhe sedimenfs 



TABLE 12.11 Anthropogenic activities, especially fisheries, mode of action and degree of impact on the estuarine 
consumers 



Human Activity 


Mode of Action 


Relative Impact 


Reclamation, infill, etc. 


Direct or indirect removal of habitat 


High 


System management 


Bias toward certain selected taxa 


High 


Pollution/contamination 


Death, avoidance, lifting of limitations 


High 


Fishing 


Removal of species 


High 


Mechanized fishing 


Habitat alteration/modification 


Low (in estuaries) 


Aquaculture 


Enhancement of selected species 


Medium 


Aquaculture 


Cointroduction of exotics 


High 


Aquaculture 


Selective breeding 


High to low, depending on species 


Freshwater withdrawal 


Salinity changes 


High 




Aerobic 

sediment 



Anaerobic sediment 



Zone 


Normal 


T ransitory 


Polluted 


Grossly polluted 


Typical 

macrofauna 
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FIGURE 12.16 Benthic community response to pollution. Source: From Pearson and Rosenberg (1978). 
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as the situation improves, followed by increasing 
numbers of ofher species, unfil, as confrol shiffs from 
physicochemical confrol fo biological confrol, supe- 
rior compefifors wifh poor colonizing abilifies come 
fo dominafe. This model works well for esfuarine 
benfhos for a number of sfressors, including organic 
pollution, nufrienf pollution, hypoxia, and foxins bofh 
in fime affer a disfurbance and in disfance from a 
poinf source. However, since esfuaries fend foward 
disfurbance and physicochemical confrol, fhe benfhic 
communities may never acfually attain fhe "normal" 
sfafus as defined in fhe model. Pearson and Rosen- 
berg (1978) produced a lisf of opporfunisfic benfhic 
species, many of which are found in unpollufed esfu- 
aries (Table 12.12). In a way, if is nof surprising fhaf 



species fhaf are adapfed fo respond fo fhe nafural 
sfresses and fhe variabilify of fhe esfuarine sysfem 
have fhe capacify fo respond fo anfhropogenic con- 
faminafion. However, as wifh all sfresses, fhe effecfs 
carmof be faken in isolafion, and while esfuarine ben- 
fhos as a group may be relafively resisfanf overall, fhe 
impacf of a confaminanf is often much greafer when 
salinity or other stress is added. 

In the same way that the paucity of species in esfu- 
aries makes fhe use of diversify indices (e.g.. Shannon 
index) questionable as reliable indicators of healfh or 
sfafus, fhe opporfunisfic fendencies and fhe general 
sfress resisfance of fhe benfhic communify affecfs fheir 
value as indicafors of pollution. Table 12.12 shows fhe 
classifications in two recenf pollufion indices along 



TABLE 12.12 Macrobenthos in estuaries, as grouped by Borja et al. (2004), associated by Rosenberg et al. (2004) 
with impoverished communities (ESSO), and linked by Pearson and Rosenberg (1978) to pollution 



Taxon/Species 


Borja et al. 
(2000) Group 


Rosenberg et al. 
(2004) ESSO 


Pearson and Rosenberg 
(1978) List 


Estuarine 

Occurrence 


Capitella spp. 


V 


1.5 


Yes 


Outer 


Capitelloides giardii 


V 


— 




Outer 


Oligochaeta 


V 


7.8 


Yes 


Yes 


Audouinia tentaculata 


IV 


— 


Yes 


Outer 


Cirratulus cirratus 


IV 


10.3 




Outer 


Polydora spp. 


IV 


4.75 


Yes 


Outer 


Prionospio spp. 


IV 


11.6 


Yes 


Outer 


Corbula gibba 


III 


4.7 




No 


Cardnus maenas 


III 


6.8 




Yes 


Corophium volutator 


III 


9.9 




Yes 


Cerastoderma edule 


III 


6.1 




Middle 


Cerastoderma lamarcki 


III 


— 




Yes 


Crassostrea angulata 


III 


— 




Yes 


Heteromastus filiformis 


III 


9.7 


Yes 


Middle 


Hydrobia ulvae 


III 


2.6 


Yes 


Yes 


Nereis diversicolor 


III 


— 


Yes 


Yes 


Spio filicornis 


III 


13.1 




Outer 


Scrobicularia plana 


III 


— 




Yes 


Scolelepis spp. 


III 


13.4 


Yes 


Outer 


Mytilus edulis 


III 


5.1 


Yes 


Yes 


Corbula gibba 


III 


4.7 


Yes 


No 


Eteone longa 


II 


5.0 




Middle 


Abra alba 


II 


4.0 




No 


Clycera rouxii 


II 


11.5 




Middle 


Mya arenaria 


II 


5.8 


Yes 


Yes 


Nephthys hombergii 


II 


6.9 


Yes 


Middle 


Pleuronectidae 


II 


— 




Yes 


Ophiura albida 


II 


9.4 




No 


Eteone longa 


II 


5.0 


Yes 


Middle 


Crangon crangon 


I 


7.2 




Yes 


Amphiura filiformis 


I 


9.5 




No 


Gammarus sp. 


I 


— 




Yes 


Liocarcinus depurator 


I 


5.7 




Outer 


Macoma balthica 


I 


5.8 


Yes 


Yes 


Scoloplos armiger 


I 


7.1 


Yes 


Middle 
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with Pearson and Rosenberg's (1978) listing in rela- 
tion to their occurrence in estuaries. The difficulty 
in applying either of fhe indices in esfuaries, wifh 
many of fhe fypical, indeed characferisfic esfuarine 
species assigned fo group III (Borza ef al., 2000), is 
indicafive of moderafe pollution. Consequenfly, frue 
esfuarine indices based on fhe consumer communify 
are scarce. Af one end of fhe specfrum is fhe very 
simple biological qualify index of Jeffrey ef al. (1985; 
Fig. 12.17), which defines diversify on a comparafive 
scale againsf fhaf expecfed in esfuaries, wifh added 
criferia based on size and number of year classes. Buf 
even this can yield false positives under highly hydro- 
dynamic conditions or in areas sfressed by salinify 
variation or ofher factors. Af fhe ofher end of fhe 
specfrum is fhe benfhic index of biological infegrify 
(B-IBI) of Weisberg ef al. (1997) for Chesapeake Bay 
based on a very exfensive sef of dafabases available 
for fhe Chesapeake. This index divides fhe sysfem 
info seven different habitats on the basis of salinify 
and subsfrate in which 17 differenf mefrics are fesfed 
for deviation from reference values. While fhis suc- 
cessfully classifies polluted sifes, fhe efficiency is less 
in lower salinify cafegories. 

Many esfuarine sedimenfs serve as long-term 
sinks for toxic chemicals in a variety of classes, includ- 
ing heavy mefals, hydrocarbons, herbicides, pesti- 
cides, and endocrine disrupters. Sedimenf qualify in 
many esfuaries is often degraded because of fhe pres- 
ence of fhese foxins (Long, 2000), and pollufanfs affecf 
benfhic communities in predicfable ways in esfuaries. 
Generally, sfudies have shown fhaf crusfaceans and 




FIGURE 12.17 Biological quality index categories (A, B, and 
C) along pollution gradient. Pollution decreases from A to 
C. Source: Adapted from Wilson (1988). 



echinoderms are intolerant of mosf kinds of sediment 
contamination and that small-bodied deposit feeders, 
fhaf is, armelids and nematodes, are most tolerant. 
Tolerance to contaminants may differ greafly, and 
some species are very sensitive, while ofhers may be 
quite tolerant. As a result, pollution may bring about 
community change due to indirect effects, in which 
tolerant species change in abundance because com- 
petitors, predators, or prey are affected by pollutants 
(Fleeger et al., 2003). 



12.12 SAMPLING 



Field sampling of fhe esfuarine benfhos is often 
decided on pragmatic grounds, but there are some 
general principles that can be applied. In practice, 
most work on the estuarine benthos is done using 
quantitative sampling (e.g., the number of individuals 
per unif area is estimated per m^^ or cm^^ depend- 
ing on size), as fhis gives fhe maximum amounf 
of information abouf fhe makeup of fhe commu- 
nify. Flowever, fhis requires fime-consuming and 
expensive field work, laborafory sorting, analysis, 
and idenfificafion. Variation among replicafes may 
be high, necessifafing a large number of samples and 
increasing sampling cosfs. For frue quanfifafive sam- 
pling, sampling mefhods are fhose fhaf fake a precise 
area or volume. In practice, fhe firsf of fhe fwo mefh- 
ods listed (Table 12.13, dredge and nef) are af besf 
roughly quanfifafive and are depend enf on 100% of 
fhe calculated area or volume being passed fhrough 
the sampler. 

Quantitative sampling with corers or grab sam- 
plers is most common. Grabs are available in a variety 
of configurations and sizes, from 0.01 m^ for hand- 
operafed unifs fo 0.2 m^ (or even larger in some cases) 
for vessels equipped with a winch: 0.1 m^ is probably 
the most common. The size of fhe grab describes fhe 
area of ifs open moufh as if lands on fhe sediment, 
while the depth of fhe sample is a factor of fhe weighf 
of fhe grab (up fo 0.25 fon on occasion!) and fhe 
softness of fhe sedimenf. The operation of fhe grab 
resulfs in an uneven "bite" of fhe sedimenf, so fhaf 
the shape of fhe bite faken is nof a regular recfangle 
buf can be a semicircle or indeed any shape at all. 
Consequently, organisms at different depths in the 
sediment may not be equally represented, and a corer 
may be preferred. Box corers fake large volumes of 
sedimenf and are often subsampled eifher as fhe corer 
enfers fhe sedimenf or on ship. Flandheld corers using 
SCUBA fechniques offer a precision of sampling nof 
affainable by ofher means. SCUBA, while increasing 
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TABLE 12.13 Sampling types, sampling level, and equipment with comments 



Level 


Method/Equipment 


Comments 


Presence/Absence 


All/any 


Useful for species lists; some 
biodiversity, habitat, or biome 
classifications 


Qualitative 


Visual, spade, dredge 


Rough estimates of 
abundance/cover. Can be assigned 
rankings with standard scales 


Quantitative 


Dredge 


Roughly quantitative mouth * 
length of tow or volume retained 




Plankton net epibenthic sled 


Roughly quantitative: mouth * 
length of tow 




Grab 


Area defined but depth/shape of 
bite depends on sediment 
hardness. Control by volume 
check 




Corer 


Area and shape controlled: 
penetration can be limited in 
hard sediments 




Hand core (SCUBA) 


Can be accurately placed; fine 
control over sampling 




Camera, video 


Useful for epibenthos: 
stereo > = size, biomass; 
nondestructive sampling 




SPI, REMQTS 


Sediment profile imagery — limited 
biotic data 




Multibeam, sidescan sonar 


Discriminates habitat features and 
larger assemblages (e.g., oyster 
reefs) 



in popularity, is less used in estuaries than in open 
coastal waters, not so much on account of the depth 
limitation but because of ofher difficulties, notably 
current speeds, visibility, and microbial pollution. 

Imaging (e.g., based on photographs or sonar) 
methods are gaining popularity for ease and speed of 
reconnaissance. The lisf in Table 12.13 defails some 
of fhese, buf fhe imporfanf proviso for all is fhaf 
fhey are only as good as fhe ground frufhing on 
which fheir inferprefafion is based, and fhe recom- 
mendation is that they should be used as guides for 
further investigation rather than be accepted uncriti- 
cally. However, it should be noted that these methods 
are being refined and fhat advances in digifal image 
recognition software (camera and video) and in sonar 
and multibeam signal processing are making major 
improvements in their accuracy. 

The number of samples fo be faken depends on 
fhe densify of fhe species soughf and can be readily 
esfimafed from previous work or a preliminary sam- 
pling. When fhe level of accuracy is esfablished (20% 
is considered adequafe for mosf ecological work), fhe 
number of samples may be calculafed according to 
Elliott's (1971) index of precision (D). This index is 
based on fhe resulfs of previous samplings, where D 



equals fhe sfandard error divided by fhe arifhmefic 
mean. Thus, fhe number of samples needed (n) is 
equal fo l/(mean) * (D). 

This can be applied fo whafever level of precision 
is required, buf nofe fhaf a doubling of fhe precision 
level quadruples fhe number of samples required. 
For example, af a 20% level of precision, 25 samples 
are needed if fhe average number of individuals per 
sample is 1, 5 samples are needed if fhe average is 
5, buf only 1 sample is needed for an average of 25 
(and over). Af fhe 10% level, fhe numbers of samples 
required are 100, 20, and 4, respecfively 12. 

12.13 SUMMARY 



Benfhic consumers play a pivofal role in esfuarine 
ecosysfems. They process primary productivity of 
fhe sysfem and inpufs from sea and river wifh such 
success fhaf fhey can attain biomasses equal fo any 
ofher ecosysfem on earfh. Yef, fhis success is nof 
wifhouf penalfy, in fhat they are at the mercy of 
a harsh and unpredicfable environment, to which 
all aspects of fheir biology musf attune. The mosf 
successful are fhe permanenf residenfs, while fhose 
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of lesser aptitude are confined to the outer (and inner) 
fringes. 

Humans profit greatly from benthic consumers 
in estuaries, by directly consuming them and by 
consuming fish and birds that depend on benthic 
resources. Increasingly, humans are acknowledging 
the ecological services, especially in support of nutri- 
ent regulation and fisheries production, provided 
by estuarine benthos that will be subject to future 
pressures from increasing population growth, urban- 
ization, and climate change. 

Yet benthic organisms also offer unparalleled 
opportunities for understanding system function and 
dynamics. The strength of the drivers — particularly 
salinity — of the benthic environment should be easier 
to explain, understand, and model than most, even if 
they still pose major challenges. 

There have been major advances in our under- 
standing of the estuarine benthos and their communi- 
ties since the first edition of this book, which brought 
together for the first time many of the fundamentals. 
The latter have not changed, nor hopefully will the 
knowledge set out here, but it will serve in its turn as 
a foundation to take science on to the next level. 
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13.1 INTRODUCTION 



Those who study estuarine nekton are impressed 
with the adaptations of individual fishes and whole 
fish communities to existence in an estuary. Estuarine 
ecosystems are physiologically demanding, relatively 
unpredictable, and in many ways inhospitable envi- 
ronments. Yet, as a rule, they teem with nekton (here 
defined as free-swimming consumers). Alfhough free- 
swimming consumers include squids, ocfopii, por- 
tunid crabs, peneid shrimps, reptiles, and mammals 
such as dolphins, seals, and sea lions, fishes consfi- 
tufe fhe preponderance of esfuarine nekton species, 
and they generally comprise the highest number of 
individuals and biomass (Yanez-Arancibia, 1985). 

Small larval and juvenile forms (e.g., of fish and 
crusfaceans) are especially abundanf, despife fheir 
seeming fragilify and complex life cycles. The pres- 
ence of large numbers of juveniles in esfuaries is 
believed fo be dependenf on fwo primary factors, 
fhe relative imporfance of which is still debafed: 
(i) Esfuaries are regions of high primary and sec- 
ondary producfivify, fhus providing elevafed food 
resources for fasf growing juveniles and (2) esfuar- 
ies comprise numerous habifat f 5 q>es fhaf undoubf- 
edly provide small fishes and inverfebrafes refuge 
from predators fhaf use esfuaries as feeding grounds 
(Yanez-Arancibia ef al., 1994; Able, 2005; Balfz and 
Yanez-Arancibia, 2011). The evidence for esfuaries 
as juvenile habifaf is well documented from Soufh 



Africa (e.g., Whitfield, 1998); Ausfralia (e.g.. Potter 
ef al., 1990; Blaber, 2000); fhe United Sfafes (e.g., 
McHugh, 1967; Ray, 1997; Ray ef al., 1997; Able and 
Eahay, 1998); temperate Soufh America (Chao ef al., 
1982); fropical esfuaries in fhe Philippines, Colombia, 
Venezuela, Brazil, and Mexico (e.g., Yanez-Arancibia, 
1985; Longhursf and Pauly, 1987; Blaber, 2000); and 
Europe (Elliott and Hemingway, 2002). As such, esfu- 
aries are often referred fo as nursery areas, a role 
fhaf is considered by many fo be fhe mosf imporfant 
funcfion of fhese ecosysfems fo nekton and fisheries 
(Pauly and Yanez-Arancibia, 1994). 

Whatever physiological and behavioral cosf fhat 
fhe nekton pays for living in esfuaries appears fo be 
compensated for by fhe higher survivabilify of juve- 
niles in esfuaries. In many of fhe world's oceans, high 
primary and secondary producfivify is concenfrafed 
in relafively shallow wafers on confinenfal shelves 
and in esfuarine basins fhat receive river discharge, 
which creates coastal vegetated habitats and biogenic 
reefs, fhus facilifafing use by nekton in temperate, 
subtropical, and tropical latitudes. 

Besides the two factors mentioned above, some 
fishes use esfuaries as migrafion roufes between adulf 
habifaf s and fheir spawning grounds. Collectively, 
fhese fishes are referred fo as diadromus buf are 
furfher divided info fwo groups: (i) anadromous and 
(ii) cafadromous. Anadromus fishes live in seawater 
buf spawn in fresh wafers, whereas cafadromous 
fishes live in freshwafers and spawn in fhe sea. 
In bofh cases, fish pass fhrough and use esfuarine 
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resources and thus transform and exchange energy 
with neighboring ecosystems, constitute a form of 
energy storage, and funcfion as agenfs of communify 
regulafion. The reasons for such behavior are nof 
known explicifly, buf may be due fo differences in 
food resources befween adulf habifafs and spawning 
grounds, or because spawning grounds represenf 
“safe sifes" where survival during early life is 
favored over adulf habifafs. Because esfuaries as 
we know fhem today are relafively young on fhe 
evolufionary fimescale, presenf migrafion paffems 
may reflecf prehistoric environmenfal condifions of 
which we are only dimly aware. 

The use of esfuaries by nekfon appears fo be 
funed fo seasonal pulsing evenfs fhaf produce periods 
of greafer and lesser producfivify and subsequenf 
food availabilify, and fhere is coupling befween fhe 
scales of environmenfal variabilify wifh nekfon life 
hisfory sfrafegies (Yahez-Arancibia ef al., 1988, 1993, 
1994; Balfz and Yanez-Arancibia, 2011). A life hisfory 
sfrafegy is here defined as a suite of fraifs such as 
size at maturity, longevity, fecundity, and parental 
care, which in combination allow a species to cope 
with their environment. In contrast, the life cycle is 
defined as fhe sequences of sfages fhaf a species musf 
go through from the egg to the reproductive adult. 

Some estuarine nektons are residents and thus 
complete their entire life cycle within estuaries. Most 
nekton species, often referred fo as transient species, 
spawn oufside of esfuaries and use fhem only for a 
porfion of fheir life cycle. Transienf species are fur- 
ther distinguished between species that must find 
their way to, and be retained within, the physical 
confines of an esfuary fo complefe fheir life cycle (i.e., 
esfuary-dependenf species), wifh fhose fhaf can sur- 
vive by associafing wifh esfuarylike condifions wifhin 
an esfuarine plume on fhe irmer confinenfal shelf (i.e., 
esfuary-relafed species; Sanchez-Gil ef al., 2008). In all 
cases, life hisfory sfrafegies have evolved fo cope wifh 
high variabilify in winds and lifforal currenfs, salin- 
ify gradienfs, femperafure and precipifafion regimes, 
food availabilify, river oufflow, mafrices of differenf 
habifaf f 5 qjes, and aquafic primary producfivify fhaf 
is characferisfic of mosf esfuaries, albeif in differenf 
and inferesfing ways. 

In recenf years, recognition fhaf fisheries, 
including esfuarine fisheries, musf be managed 
in the context of ecosystems has emerged, fhus 
moving beyond fhe single-species approaches of fhe 
pasf. Improved information abouf stock boundaries, 
frophic dynamics, and fhe magnifude and nafure of 
fisheries landings has required assessmenf science fo 
adopf approaches fhaf are inclusive of mulfispecies 
interactions, and cognizanf of fhe impacfs of fishing 



on habifafs and food webs (Pauly, 2010). This 
represenfs an enormous challenge fo fufure esfuarine 
and fisheries ecologisfs because fhe fopics necessary 
for sfudy are unbounded, ranging in scale from 
molecular genefics fo human ecology. As such, we 
musf look beyond fhe current tendencies for analyz- 
ing and inferprefing esfuarine nekfon communify 
d 5 mamics based on samples of a limifed number of 
mosfly valuable species over relafively shorf time 
series of observafions and inferprefing fhese resulfs 
in fhe same limifed confexf. The problems are much 
bigger now, and we musf fhink bigger fo solve fhem. 

In summary, fhe sfudy on esfuarine nekfon 
requires considerafion of many concepfs over ever 
expanding temporal and spatial scales, but has few 
proven theories, and, much more than any other 
estuarine discipline, requires extensive ecological 
analysis and interpretations with increasing empha- 
sis on ecosystem-based management and prediction. 
The relationship of nekfon fo esfuaries is a fascinafing 
sfory. It is full of subflefies and complexifies, which 
require fhe sfudy on morphological, physiological, 
and behavioral adapfafions, as well as fhe integration 
of nekfon life hisfory and esfuarine ecosysfem ecol- 
ogy (Cowan ef al., 2008; Sanchez-Gil, 2009). In fhis 
chapter, we presenf a brief s 5 mfhesis of whaf is known 
abouf esfuarine nekfon based on two basic buf highly 
infegrafed frameworks: (i) esfuarine habifafs and 
habifaf use, including trophic d 5 mamics, and (ii) life 
hisfory fheory and fhe sfrafegies fhaf esfuarine nekfon 
have evolved fo cope wifh esfuarine variabilify. 

13.2 ADAPTATIONS TO 
NEKTONIC AND ESTUARINE 
EXISTENCE 



13.2.1 Nektonic Adaptations 

The principal morphological and physiological 
adapfafions for fruly nekfonic organisms are fhe 
exisfence and position of body parfs used for 
swimming {— fins and finlets), a smoofh fusiform 
body, wifh excepfion of flaffishes, puffers, pipefishes 
and a specific gravify reasonably close fo fhaf of 
wafer. Anofher imporfanf requiremenf for a nekfonic 
exisfence is fhe abilify fo exfracf oxygen af a relafively 
rapid rate from fhe surrounding water to support 
the large energy requirements of swimming. And, 
mosf pelagic organisms have well-developed sensory 
organs fhaf are suited fo an active, offen predatory, 
nektonic existence. Most fishes have achieved fhese 
requiremenfs. For example, many are sfreamlined 
and able fo confrol fheir depfh fhrough varying fheir 
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specific gravity by changing the amount of gas in the 
swim bladder. Fishes have gills well adapted for rapid 
oxygen exchanges, which permit active and sustained 
movements. Fishes have developed a sensory system 
called the lateral line, which is very sensitive to sound 
waves and to changes in water density. Some have 
also developed chin barbells, which help locate food. 
All these adaptations are well described in the book 
by Day et al. (1989). Nektonic shrimp and crabs, 
although less streamlined than fish, tend to be more 
streamlined than their benthic counterparts. 

13.2.2 Estuarine Adaptations 

Nekton obviously have general adaptations that 
allow them to survive in water; however, there 
are specific adaptations that allow them to flourish 
in estuaries. One of the most fundamental and 
intriguing biological questions that can be posed 
is "how is it possible for one group of animals to 
thrive under conditions that would be intolerable for 
another group?" (Day et al., 1989). This is particularly 
interesting when the environment is apparently 
hostile or stressful. Estuaries are very d 5 mamic 
and the rapidly changing physical and chemical 
environment imposes great energy demands on fish, 
so that most species simply cannot survive there. 
In fact, the number of species and the number of 
families found only in estuaries for their entire lives is 
low, emphasizing that few kinds of fish have evolved 
to remain in estuaries their entire lives. There are, 
however, a large number of fish species that spend at 
least part of their lives in estuaries (Yahez-Arancibia, 
1985). This leads to two intriguing questions that 
we discuss: (i) If the estuarine environment is so 
energetically demanding for fish, why have so many 
groups of fish evolved a life history requiring that 
some or all of their lives be spent in an estuary? and 
(ii) Why are these groups so often very abundant? 

There are three possible outcomes when an ani- 
mal encounters stressful conditions, depending on 
its adaptive capacity: (i) it can migrate to a more 
favorable environment; (ii) it can adapt, adjust, and 
survive; and (iii) if conditions are too rigorous, the 
animal dies. For each species, only a certain portion of 
the total range of each abiotic environmental factor is 
compatible with life. Within the relatively large range 
within which an organism can survive, there is a 
smaller range where conditions for survival are opti- 
mum, that is, where the organisms can have a positive 
energy balance and can grow and reproduce. Differ- 
ent life stages, especially juveniles, may be adapted 
to very different environmental conditions compared 
with adults. Thus, the concept of adaptation is com- 
plex and dynamic, especially for estuarine nekton in 



which young and adults live in very different envi- 
ronments. These differences may allow fishes to avoid 
competition, optimize growth, or reduce predation. 

Before we can answer the question of why so 
many fish use estuaries for part of their lives, it is nec- 
essary to examine specific environmental demands 
and the organism's response in more detail. Perhaps 
the most difficult problem faced by estuarine nek- 
ton is osmoregulation, which involves maintaining 
nearly constant internal osmotic conditions in a very 
changeable external osmotic environment. The rela- 
tively impermeable skin, scales, and coat of mucus 
characteristic of most nekton minimize ion and water 
exchange associated with changes in salinity. Fish also 
adjust physiologically by transport of specific ions 
across the gills, by drinking water, or by controlling 
the amount of water passed into the urine. 

Finally, behavioral mechanisms help fish to avoid 
extreme situations or conditions. Through active 
movements, fish avoid large variations outside their 
physiological tolerances in salinity, temperature, 
dissolved oxygen (DO), and suspended sediments. 
For example, many nektonic species move up and 
down estuaries in response to changes in salinity. 

There is paleontological evidence that primitive 
fishes developed in fresh water and physiological 
studies confirm that the osmotic concentration of 
inorganic ions in the blood is less than that in the sea- 
water. This means that all marine fish are preadapted 
to decreased salinities. Although the skin is relatively 
impermeable to ions, the gills are by necessity per- 
meable and many marine fish can tolerate reduced 
salinities if the change is gradual. For estuarine fish 
subject to tidal changes and sudden floods, the rate 
of change appears to be as important as the absolute 
change in salinity. 

Many estuarine species breed in the sea presum- 
ably because the eggs and embryonic stages are more 
buoyant in saltwater and intolerant to wide salinity 
changes, although the turbulence of waves may also 
be important in keeping the eggs off the bottom. Juve- 
niles, however, rapidly develop a greater tolerance to 
reduced salinity. Tolerance to the h 5 rper saline con- 
ditions that occur in some estuaries during droughts 
has been recorded in relatively few species. In spite 
of this wide salinity tolerance by the estuarine fish 
community from very low salinity to h 5 rper salinity, 
it has been reported from many parts of the world 
that the greatest species richness is to be found at 
the mouth of an estuary (J. FI. Day, 1981; J. W. Day 
et al., 1989) and strongly coupled with pulsing of 
aquatic primary productivity (Yanez-Arancibia et al., 
1988, 1993). Moreover, there is a distinct range in 
salinity (3 to 8 practical salinity units) where species 
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diversity is lowest. Owing to seasonality of tidal 
range, rainy and dry seasons, floods, winds and evap- 
orafion, suspended sedimenf concenfrafion, and esfu- 
arine currenfs, osmoregulation is a major physiological 
activity of challenge for esfuarine nekton, particularly 
dramatic in tropical and subtropical estuaries. 

For temperature, there are different adaptations. 
It is well known that upper reaches of an esfuary 
are warmer than the sea in summer and cooler in 
winter. Seasonal changes have marked effects on fish 
populations, particularly in high lafifudes where fem- 
perafure can become more imporfanf fhan salinify. 
In cold climafes where fhe whole surface of esfu- 
aries may be frozen in winter, fhe fish population 
is reduced to a minimum (Day, 1981). Anadromus 
species fhaf dominafe such esfuaries have refurned 
fo fhe sea and fhe overwintering juveniles and resi- 
denf species remain inactive; fhey concenfrafe in fhe 
deeper parfs of esfuaries and show little growfh. In 
femperafe esfuaries, seasonal changes in temperafure 
are nof as marked, buf fhey are equally imporfanf. 
In warm and subfropical esfuaries, fhe significance 
of femperafure declines and salinify effecfs become 
more importanf (Yahez-Arancibia, 1985). In such esfu- 
aries, fhe rainy season may be a crifical ecological 
period in the year, and the immigration of juve- 
niles can be conditioned by fronfal winds, river dis- 
charge, and pulses in primary producf ivify . In f ropical 
esfuaries, fhere often are smaller seasonal changes 
in temperafure, buf fhere are marked changes in 
salinity. 

Temperature and salinity may operate synergisti- 
cally. Reduced or fluctuating salinity in combination 
with varying temperature offers special physiological 
problems for osmoregulation for mosf species. For 
example, plaice (a flaffish) is euryhaline af low fem- 
perafure and euryfhermal af high salinifies. Flowever, 
fhey do nof thrive in low salinity, warm location con- 
ditions because they carmot survive the combination 
of physiological sfressor (Day ef al., 1989). For the 
temperate zone, it may be considered a general rule 
that an increase in water temperature leads to reduced 
ability to withstand wide variations in salinity, pos- 
sibly because of fhe effecf of warm femperafures on 
enzymes fhaf regulafe osmoregulation in estuarine 
nekton. 

13.2.3 Feeding Adaptations and 
Nektonic Food Web 

Fishes have evolved a number of characferisfic adap- 
fations for feeding. Even fhough many esfuarine fish 
have diverse diefs, mosf possess adapfafions fhaf 
increase fhe probabilify of successfully handling and 
ingesfrng a particular group of prey. Differences in 



fhe size and position of moufh, kind and position of 
feefh and branchial arches, and shape and lengfh of 
intestines all have imporfanf consequences for food 
capfure and use. More defails abouf fhe nafure of 
feeding adapfafions can be found in ichfhyology fexf 
books. Suffice if fo say fhaf esfuarine fishes faken as 
a whole are capable of feeding af every frophic level 
in fhe food web, and in any esfuarine habifaf. Caf- 
fishes (Ariidae), for example, usually have distinctive 
whiskerlike barbells, smoofh scale-less bodies, and 
sharp barbed spines af fhe margins of fheir pectoral 
fins. All caffishes move along fhe boffom searching 
for food wifh "fasfe buds" locafed on fheir barbells. 
The barbells play an imporfanf role in searching for 
food since visibilify is generally poor in furbid esfu- 
arine wafers. Caffish are omnivorous boffom feeders 
often ingesfing many differenf f 5 rpes of prey (Yanez- 
Arancibia and Lara-Dominguez, 1988). 

Flaffishes are immediafely recognizable by fheir 
laferally-compressed bodies and fheir asymmefrical 
eyes, bofh of which are on the dark-colored top sides 
of fheir bodies. Mosf flaffishes begin life with nor- 
mally arranged eyes. With growth, metamorphosis 
occurs and the eye of fhe side fhat is on fhe boffom 
migrafes fo fhe ofher side and a rearrangement of 
infernal organs also occurs. Mosf species prefer soft 
muddy or sandy boffoms where fhey lie buried in 
sediment when at rest. The hogchoker {Trinectes sp.), 
ba 5 Twhiff {Citharichthys sp.), and blackcheek tongue- 
fish {Symphurus sp.) are small flounders wifh wide 
disfribufion. The summer {Paralichthys sp.) and win- 
ter {Pseudopleuronectes sp.) flounders are large, wifh a 
more norfhem disfribufion, and are prized by sporf 
and commercial fishermen. The smaller flounders eat 
small crustaceans, worms, and mollusks; the larger 
flounders also consume larger shrimps, crabs, and 
fish (Sanchez-Gil, 2009), parficularly Scyacium gun- 
teri, Citharichthys spilopterus, and Etropus crossotus 
in fhe soufhem Gulf of Mexico. If is imporfanf fo 
nofe fhat flatfishes, as well as many ofher esfuarine 
fransienf species, can find suifable habifaf beneafh 
esfuarine plumes on fhe shallow shelf in many linked 
esfuarine-river plume ecosystems. 

Because a large moufh infuifively seems fo be a 
good way fo increase fhe probabilify of prey capfure, 
we may wonder why nof all fish have huge moufhs. 
One answer is fhaf selecfive pressures acfing fo favor 
particular shapes or positions of fhe moufh often 
conflicf. In some cases, one selecfive pressure has 
been more imporfanf fhan anofher, resulting in a 
moufh design fhaf has imporfanf implications for 
food acquisifion. To eaf a wide range of prey sizes, 
a moufh should be large fo feed on small prey. Fish 
compromise by changing fhe locafion of fhe moufh 
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and the size in accordance with how they can eat. 
Common first-order consumers in estuaries, such as 
mojarras {Gems sp., Eucinostomus sp., and Eugerres 
sp.), often have extremely conspicuous modifications 
of the jaw bones so that the mouth can protrud 
to enable feeding on small prey and on fhe leaf 
surfaces of planfs such as sea grasses (Aguirre-Leon 
and Yahez-Arancibia, 1986). 

Fish wifh a superior (locafed more dorsally) 
mouth, such as silversides, often suck in floating 
insects from the water surface. Second-order con- 
sumers, such as Orthopristis crysoptera, Pomadasyidae, 
fhaf feed on small benthic organisms and on leaf sur- 
faces of Thalassia leaf have an infermediate, sized 
inferior moufh (located below the tip of fhe snouf) 
moufh. Top predators such as trout, which usu- 
ally pursue other fish species, have a large, ferminal 
moufh, while demersal fish such as hake {Urophyscis 
sp.) also have inferior moufhs. The bottom-oriented 
seacatfishes (Ariidae) have a large terminal-ventral 
mouth and distinctive barbells for food searching. 
Some fish, such as croakers, which use bofh fhe 
pelagic and benthic pathways equally, have com- 
promised and inferior mouths. 

Although food is collecfed by moufh, fhe real pro- 
cessing fakes place in the throat or pharynx, where 
the pharyngeal bones are located. Often a wide range 
of dental development is associated in a predictable 
way with the t 5 rpes of food eaten. The number, size, 
and structure of feefh on fhese bones differ accord- 
ing to food t 5 rpe most commonly processed. At the 
most fundamental level, it is generally true that active 
predators have strong jaws with sharp teeth. The sur- 
faces of the pharyngeal plate of phyfoplankfon eafers, 
such as shad, are covered with rows of fine recurved 
feefh so fhaf when fhe fwo sefs slide togefher, fhe algae 
are combed backward. Fish eaters, such as trout, tend 
to have sharply pointed teeth that point backward. 
These teeth grip and force backward fish held in the 
mouth. Mollusks eaters, such as black drum, posses 
massive phar 5 mgeal teeth with a number of large 
flaf "molars", which crack the shells of the prey and 
a similar modification occurs in the Tetraodontidae 
(e.g., Sphoeroides testudineus) in tropical estuaries. 

Modifications of fhe branchial arches and gill 
rackers, which aid in food selection and processing, 
have received much attention. The presence of numer- 
ous, long, fhin, and closely spaced gill rackers on fhe 
inward side of fhe gill arch indicates a fish species 
fhaf filters plankton from the water. The appearance 
in a single fish species of elaborafe gill-racker mod- 
ificafions during developmenf and accompanying 
diefary shifts has been demonstrated. For example. 



the change from a zooplankton diet to a phytoplank- 
ton diet in Atlantic menhaden {Brevortia thyrannus) is 
accompanied by an increase in the number, length, 
and complexity of gill rackers. Similarly, fhe inifiafion 
of phyfoplankfon feeding by fhe anchovy {Engraulis 
anchoveta) is correlated with the formation of elaborate 
gill rackers. Predatory fishes often have tooth-shaped 
gill rakers that facilitate the capture and retention of 
large prey ifems. 

Once fhe food has been capfured and consumed, 
fhe abilify of fhe fish fo use fhe food is dependent 
on the digestive process. In general, the length and 
complexity of fhe gut increases from fop carnivore 
to herbivore, being extremely long in detritus con- 
sumers such as Mugil curema. This is a response to 
the digestibility of fhe food ifem. Top carnivores 
generally consume fish or invertebrafes, which are 
primarily profein and are easily digesfed and assimi- 
lafed. Plan! fissue or defrifus are sfructurally complex 
foods composed of difficult to digest carbohydrates, 
lignin, and cellulose. For this reason, herbivores have 
long, frequently blackened, guts, which increase the 
time the food spends in the intestine and provides a 
longer time period for enzymes fo break down the 
more complex organic compounds. Blacked guts in 
herbivores prevent photos 5 mthesis from occurring in 
fhe gut while the plants are being digested. Many 
species have a gut flora of cellulolytic bacteria that 
participate in the enzymatic hydrolysis of food. Many 
herbivores also have highly acidic gufs, which cause 
a chemical breakdown, and gizzard that grinds the 
food info small particles before if enfers fhe intesfine. 

The mosf diverse of the demersal nekton are 
croakers, cods, mullets, stingrays and skates, as well 
as shrimps, crabs and small squid. Within these fishes, 
fhere are fwo feeding t 5 q?es. The first are bottom feed- 
ers, similar to catfish, with inferior mouths and often 
barbells on the lower jaw. These species eat mostly 
benthic invertebrates, including small crustaceans, 
armelids worms, and small mollusks (Sanchez-Gil, 
2009). Three members of this group widely dis- 
tributed along the Atlantic coast of North America 
are the Atlantic croaker {Micropogonias undulatus), 
spot {Leiostomus xanthurus), and silver perch {Bairdiella 
sp.). Cods {Gadus sp.) and hake {Urophyscis sp.) are 
common members of fhis group in norfhem esfuaries 
in Norfh America and Europe, while mullet {Mugil 
sp.) are more t 5 rpical in temperate, tropical and sub- 
tropical estuaries. These fish usually congregafe in 
loose monospecific schools and forage along fhe bot- 
tom or on aquatic plants such as {Ulva sp.). Some 
species change their bottom preference from muddy 
to firmer substrafes, as fhey grow older. The second 
feeding t 5 q)e is fhe mobile predator, top carnivores. 



332 I CHAPTER THIRTEEN Estuarine Nekton 



which are only loosely associated with the bottom, 
feeding on more motile prey such as peneid shrimps 
and pelagic fishes. T 5 rpically, esfuarine fop carnivores 
include fhe sea froufs, {Cynoscion sp.), sea basses 
{Morone sp.), bluefish {Pomatomas saltitrix), jacks and 
small coasfal sharks. 

Because nekfon, including esfuarine nekfon, have 
developed a wide range of feeding adapfafions, mosf 
any have a broad frophic specfrum, offen feeing on 
10-20 or more differenf frophic groups. These broad 
feeding options aid in recruifmenf and ensure fheir 
survival during fhe crifical sfages of ontogeny (Yanez- 
Arancibia, 1985). Because of fhese facfors, frophic 
specfra change wifh localify or habifaf in fhe ecosys- 
fem (differenf food availabilify), fhe size of fhe fish 
(differenf food needs), fhe season of fhe year (changes 
in food f 5 rpes available), and fhe fime of fhe day/nighf 
cycle (live food behavior). 

For example, if is nof unusual for esfuarine nek- 
fon fo show a greaf affinify for parficular habifafs, 
offen concerning a parficular sfage of fheir life cycle. 
Secondary consumers (fish fhaf feed on primary con- 
sumers) are offen demersal fish and are nof limited 
to a certain habitat but usually have a wide dis- 
tribution inside the estuarine ecosystem. Secondary 
consumers are the most important in determining 
particular characteristics of fropical / subfropical esfu- 
arine fish communities, due to their high diversity, 
numerical abundance, and wide trophic spectra and 
habitat specificity during the distinct stages of fheir 
life cycles. In fhe Pacific coasf of Mexico fropical esfu- 
aries, with more than 100 fish species, secondary 
consumers represenf more fhan 50% of fhe fofal 
species number. Af fhe same fime in fhe soufhern 
Gulf of Mexico, in communities wifh more fhan 140 
fish species, more fhan 50% are secondary consumers 
(Yahez-Arancibia, 1978, 1985; Yahez-Arancibia and 
Sanchez-Gil, 1986). Esfuarine fish feed, in fhe course 
of their ontogeny, on a succession of differenf food 
fypes, offen gafhered from differenf subareas wifhin 
a given esfuary. Thus, fhe whole frophic sfrucfure, 
in dynamic terms, does nof consisf of specific frophic 
levels, buf rafher, if is a complex of mulfidimen- 
sional biological interactions and variabilify in space 
and fime. The complexify of diefs in esfuarine nek- 
fon reflecf changes in food preferences and sources 
as fish grow (onfogenefic changes) and fhe oppor- 
funisfic nafure of mosf fish species. The considerable 
variations in fypes and amounfs of foods consumed 
by a species af a given locafion, and fhe similarify 
of major food f)^es eafen by differenf species af a 
given locafion, demonsfrafe fhaf dief composition of 
omnivores is offen defermined mosfly by food avail- 
abilify. Fufure research in frophodynamic ecology in 



esfuarine fish communities should be oriented in this 
direction. 

Fishes differ greafly in fhe character of fhe food 
fhey consume. However, many show a basic depen- 
dence on phyfoplankfon and organic defrifus (e.g., 
from sources such as salf marshes, sea grass, and man- 
groves) fhrough bofh pelagic and benfhic pafhways. 
The pelagic pafhway begins wifh phyfoplankfon and 
goes fo copepods, decapods, and mysids or ofher 
mesozooplankfon fo small fishes such as anchovy and 
herring and fhen fo fop carnivores. The benfhic pafh- 
way begins wifh defrifus and ofher organic maffer, 
which is consumed by benfhic copepods and poly- 
chefes as well as filler-feeding organisms and fhen 
small benfhic dwelling fish, which in fum also are 
eafen by large predafors such as Sciaenids, Lufjanids, 
and ofhers carvivorous fishes. 

In summary, fhe feeding relationships among 
esfuarine fishes suggesf af leasf seven ecological 
generalizations for fhe esfuarine food webs: (i) 
nekfon comprise mosf of fhe midlevel and fop 
carnivores (i.e., second- and fhird-order consumers); 
(ii) diefs change wifh onfogenefic developmenf, 
growfh, food availabilify, and localify wifhin an 
esfuary; (iii) fhere is flexibilify of feeding in fime, 
space, and environmenfal pressure; (iv) fhe mosf 
abundanf food resources are shared among many 
species, in a seasonally programmed use fhaf avoids 
intense inferspecies compefifion; (v) esfuarine nekfon 
offen use bofh pelagic and benfhic pafhways faking 
food ifems from differenf levels of fhe food web; 
(vi) in fhe food web, fhe mosf diverse and abundanf 
fish are omnivorous and opporfunisfic second-order 
consumers of all sizes; and (vii) fhe overall frophic 
sfrucfure, in d 5 mamic terms, does nof consisf of 
specific frophic levels, buf rafher if is a complex of 
mulfidimensional web (i.e., food web) of biological 
interactions in space and fime in which fish couple 
bofh pelagic and benfhic pafhways of energy flow. 

13.3 THE ESTUARINE 
ECOSYSTEM AS HABITAT 
FOR NEKTON 



As habifaf, esfuaries offer bofh opporfunifies and 
presenf challenges fo nekfon. We have already 
learned fhaf land-margin ecosystems are dynamic 
environmenfs, offen wifh steep gradienfs in femper- 
afure and salinify fhaf change rapidly in response 
fo tides, seasonal changes in freshwafer inflow, and 
weafher. Esfuaries occur worldwide in climafes 
ranging from boreal fo fropical, from arid fo humid. 
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and in basins from small lagoons to very large 
drowned river valleys such as Chesapeake Bay. 
In addition, many occur in built environments in 
the form of deltas at the mouths of large rivers 
such as the Mississippi, Nile, and Yangtze. As such 
it is difficult to generalize about how nekton use 
estuaries and the habitats they contain. That said, 
because of the conditions described above, estuarine 
diversity and food webs tend to be relatively low 
and simple, respectively, especially among the 
estuarine residents, because relatively few nekton 
can deal with the high variability t 5 rpical of estuarine 
environments. This does not mean, however, that 
estuaries are not used extensively by nekton. In fact, 
nekton abundance and biomass in estuaries can be 
among the highest in the world, and species that use 
estuaries for all, or a portion, of their life cycle, can 
experience very high growth rates (>30% increase 
in weight each day), hence secondary productivity; 
this is especially true for species that use estuaries 
as nursery areas for some portion of their early life 
(Pauly and Yahez-Arancibia, 1994; Yanez-Arancibia 
et al., 1994; Able, 2005; Cowan et al., 2008). 

As a means by which to organize vast amounts of 
information, we summarize the results of extensive 
reviews of European (Elliott and Elemingway, 2002), 
North American (Able and Eahay, 1998; Nordlie, 
2003), and Tropical (Yahez-Arancibia, 1985; Yahez- 
Arancibia et al., 1988, 1993, 1994) estuaries to arrange 
the following sections on habitats and habitat use, 
and draw heavily from Roff (1992) and Polls and 
Winemiller (1996) in our discussion of life history 
theory and strategies. We combine the information to 
describe the t 5 y>es of fishes that are characteristic of 
estuarine environments. 

13.3.1 Estuarine Habitats 

To begin, we focus on the two factors regarding nurs- 
ery function and the high abundances of juvenile 
nekton in estuarine environments by addressing the 
questions: (i) Are they attracted as predators to high 
prey densities in these areas? (ii) Or do the habitats 
provide juveniles with protection from predation? 
We say loosely because difficulty arises almost imme- 
diately when facing these questions because estuaries 
consist of a complex mix of many distinctive habi- 
tat t 5 rpes and these habitats do not exist in isolation. 
Rather, there are physical, chemical, and biological 
links between them. Por example, they can be linked 
via sediment transport, transfer of nutrients, and in 
the way mobile animals move between them ontoge- 
netically, seasonally, and during a single tidal cycle 
(Yahez-Arancibia and Day, 1982). The relative value 
of any habitat "patch" may depend on its proximity 



and / or degree of cormectivity to other habitats and 
when during the life cycle a habitat is used by a nekton 
species. While understanding processes determining 
nursery function is necessary to develop restoration 
and preservation programs, and for development of 
ecosystem-based management approaches, we lack 
complete understanding of how prey/ predator inter- 
actions act to determine the value of an estuarine 
nursery. Even among estuary-dependent nekton, we 
know that both increased feeding opportunities and 
decreased vulnerability to predation together increase 
the survival potential of young nekton while they are 
in an estuary. 

Ignoring the cormectivity issue for a moment, 
distinct habitat t 5 rpes do exist, and the following 
encompass all major categories /zone found in estu- 
aries. These habitats are (i) tidal fresh water; (ii) 
reed beds and other emergent vegetation in fresh, 
intermediate, and brackish marshes; (iii) salt marsh 
and mangroves (intertidal vegetated habitats); (iv) 
intertidal soft substratum; (v) intertidal hard sub- 
stratum; (vi) subtidal soft substratum; (vii) subtidal 
hard substratum; (viii) subtidal sea grass beds (sub- 
tidal vegetated habitats); and (ix) biogenic reefs. The 
pelagic part of water column above, or those areas 
that are inundated by water, are considered part of 
each of the above habitats. 

Before we discuss habitat use, a brief description 
of each habitat t 5 rpe is in order. These descriptions are 
largely taken from Elliot and Hemingway, (2002). 

1. Tidal fresh waters are those waters upstream of 
significant salt water influence, with salinities 
usually less that 0.5 ppt, and where water move- 
ment is highly d 5 mamic and tidal, including tidal 
reversals in the direction of river flow. The extent 
of this zone depends on the ratio of fresh water to 
tidal volume, thus climatology, tidal range, and 
morphology of the basin. Charmels in the tidal 
fresh water region of an estuary are t 5 rpically more 
steep-sided and narrower than downstream in 
the estuary, so there is a narrow intertidal zone. 
Subtidal and intertidal habitats in this region 
are usually composed of mobile substrates, from 
fine silts to sand and coarse gravel. Subhabi- 
tats include intertidal soft substrate (sediment 
banks and shoals), subtidal soft substrate, creeks, 
bayous, and backwaters. Reed beds and other 
emergent vegetation may form a significant sub- 
habitat in the tidal fresh portion of an estuary. 

2. Reed beds are dense stands of herbaceous plants 
that occur in low salinity zones, upstream of 
the turbidity maximum, usually in waters rang- 
ing from 0 to 5 ppt. The dominant flora in reed 



334 I CHAPTER THIRTEEN Estuarine Nekton 



beds are members of the genera Phragmites and 
Phalaris, which form dense beds in upper inter- 
tidal zones, but may form shallow, permanently 
subtidal areas in nontidal estuaries. The spatial 
extent of reed beds in an estuary is linked to 
length of tidal freshwater zones. If the beds stay 
continuously flooded, they always are accessible 
to fish, but they are less accessible if the beds occur 
in intertidal areas. Subhabitats within reed beds 
include open water areas, creeks, and bayous. 

3. Salt marsh and mangroves are intertidal, sediment- 
based, macrophyte-dominated, saline-influenced 
habitats that occur from mean high water to the 
upper shore where, in undisturbed systems, habi- 
tats inland (e.g., higher elevations) of salt marshes 
and mangroves may undergo a transition to 
brackish, freshwater, or terrestrial habitats. T 5 rp- 
ical mangrove ("amphibian trees") species are 
Rhizophora, Avicennia, Connocarpus, and Lagun- 
cularia. Salt marsh develops where waters are 
sufficiently quiet to allow sediments to settle, 
and where conditions are suitable for settlement 
and growth of a limited number of halophytic 
plant species. Salt marsh and mangroves both 
separately and together form complex mosaics in 
estuaries with other intertidal subhabitats such 
as mudflats. Development of linear or dendritic 
creeks is a feature of mature marshes; these creeks 
are points of entry to marsh environments for nek- 
ton. Surface pools or ponds exhibit low nekton 
diversity because of the harsh conditions in the 
ponds. Other subhabitats in salt marshes include 
mud flats and mud walls. 

4. Intertidal soft substrates are unvegetated intertidal 
habitats that are composed of sediments ranging 
from fine silts to coarse sands. These areas 
are largely free of higher plants, but usually 
are coated with blue-green algae and diatoms, 
and frequently contain high densities and high 
biomass of macrobenthos. As such, these areas 
provide food for estuarine nekton during high 
tides. Subhabitats include creeks and banks, 
pools of standing water, intertidal patches of sea 
grasses, and extensive beds of bivalves such as 
oysters and mussels and dense beds of ephemeral 
macroalgae such as Ulva sp. 

5. Intertidal hard substrates are vegetated or unvege- 
tated intertidal habitats lying between the highest 
and lowest tide lines and are composed predom- 
inantly of hard substrate ranging from gravels 
to bedrock in temperate and boreal climates to 
ancient coral outcroppings in the tropics. These 
habitats usually are referred to as rocky intertidal 



zones and have been the sites of many impor- 
tant studies concerning competition for space in 
marine and estuarine ecosystems. These habitats 
usually exhibit dramatic zonation with elevation. 
Macroscopic algae such as kelps are often domi- 
nant near and just below the low tide line, mussels 
and other bivalves a little higher up, and bar- 
nacles and limpets in areas closest to the high 
tide line. Subhabitats include tide pools that fre- 
quently exhibit much higher biodiversity than the 
rock substrates themselves. 

6. Subtidal soft substrates are permanently subtidal 
unvegetated habitats, composed predominantly 
of sediments ranging from silts to coarse sands, 
generally lying below the level of lowest tides. In 
tidal estuaries, these areas t 5 q)ically support lower 
densities and biomass of benthic invertebrates 
than adjacent intertidal areas of soft substrate. 
It is generally recognized that low densities and 
biomass of benthos in these areas are mostly 
attributable to high consumption rates by juve- 
nile nekton. Subtidal soft substrates are found in 
creeks and bayous, main channel areas, deeper 
water areas, backwaters, and lagoons. Subhabi- 
tats include patches of sea grasses, extensive 
beds of bivalves such as oysters and mussels, 
and dense beds of ephemeral macroalgae such 
as Ulva sp. if the overlying water is shallow 
enough. 

7. Subtidal hard substrates are vegetated or unvege- 
tated habitats below the level of the lowest tides 
and are composed predominantly of hard sub- 
strate ranging from gravels to bedrock. These 
habitats are found mostly in estuaries that present 
colder climates and in fjords. Simply put, they 
are the subaqueous reaches of the rocky inter- 
tidal zones described above. As such, they often 
are dominated by large plants such as kelps and 
other fucoids, and by bivalves such as oysters and 
mussels, but can be almost devoid of vegetation 
in areas where wave energy is very high. 

8. Subtidal sea grass beds are vegetated habitats in 
soft substrata that are dominated by halophytic 
macrophytes adapted to complete and continu- 
ous submergence in water of low to high salinity. 
Sea grasses may form extensive beds that are 
relatively stable over time, adding considerable 
vertical structure (up to 1 m in height) to the soft 
substratum environments on which they develop. 
Important genera of estuarine sea grasses include 
Zostera, Thallassia, Halodule, and Ruppia. In some 
lagoons and other brackish water habitats, beds 
of stonewarts or charophytes (complex algae that 
often are encrusted with CaC 03 ) can be important 
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structural elements as well. Subhabitats within 
sea grass beds include newly developed or regen- 
erating patches of sea grass following seasonal 
dieback or disfurbance, as fhese have a very dif- 
ferenf fopographical profile relafive fo mafure 
beds. Ofher subhabifafs include pafches of bare 
subsfrafe surrounded by sea grass and biogenic 
reefs surrounded by sea grass. 

9. Biogenic reefs form elevafed sfrucfures or exfen- 
sive epibenfhic beds, can be eifher inferfidal or 
subfidal, and are builf by calcareous or ofher 
concrefion-forming organisms or by surface- 
dwelling bivalves (e.g., oysfers). Exfensive 
beds of bivalve mollusks (e.g., Mytilus, Ostrea, 
Crassostrea, and Modiolus sp.) add considerable 
heferogeneify fo subsfrafes on which fhey 
develop. Biogenic reefs can also be builf by corals 
or by sabellid or serpulid polychef e worms. 
Mafure biogenic reefs can have high vertical relief 
with much complexity. Subhabitats may include 
pools of sfanding wafer during low fide and many 
infersfifial spaces for cryptic esfuarine nekton. 

In mosf esfuarine sysfems, fhese habifafs com- 
bined accounf for practically all of fhe fofal area. The 
diversify and areal exfenf of habifafs worldwide is 
hard fo generalize buf fends fo scale roughly wifh 
tidal range and femperafure. The mosf exfensive and 
widely disfribufed habifaf is subfidal soff subsfrafe, 
which is found in boreal, temperate, and fropical 
regions and accounfs for abouf 50% of fofal esfuar- 
ine area worldwide. Inferfidal soff subsfrafe is fhe 
second mosf exfensive, accounting for almosf 30% 
of fofal esfuarine area, buf is far more prevalenf in 
areas wifh high fidal ranges. Weflands (salf marsh 
and mangroves) are fhird mosf exfensive, accounfing 
for more fhan 10% of esfuarine area worldwide, buf 
may be more exfensive in microfidal areas such as fhe 
Gulf of Mexico coasf. Subfidal sea grass also accounfs 
for more fhan 10% of esfuarine habifaf worldwide, 
buf sea grass beds or meadows are mosf exfensive in 
fhe fropics. The remaining five habifafs (subfidal hard 
subsfrafa, fidal freshwafer, reed beds, inferfidal hard 
subsfrafa, and biogenic reefs) generally confribufe 
less fhan 5% of fhe fofal surface area in all regions 
buf can be locally imporfanf depending on esfuary 
location and conditions. 

13.3.2 Habitat Use by Estuarine Nekton 

To evaluafe habifaf use, lef us consider four dif- 
ferenf funcfions fhaf esfuarine habifafs can facilifafe: 
(i) spawning, (ii) nursery, (iii) feeding, and (iv) migra- 
tion. Spawning grounds are areas where mating 



occurs or eggs are deposited or released. Esfuary 
spawners include residenfs or ofhers species fhaf use 
esfuaries only fo spawn because circulafion pafferns 
permit local retention of eggs and larvae. Nursery 
grounds are areas where juveniles aggregate via 
acfive or passive fransporf mechanisms buf usually 
are spatially or femporally separafed from adulfs. Sur- 
vival of juveniles is enhanced fhrough better feeding 
conditions, opfimal growth, and/or refuge oppor- 
tunities, and thus may be considered "safe sifes" 
from which recruifmenf fo adulf populafions fol- 
lows (and may be dependenf on) nursery usage. 
Eeeding grounds are used by nekton making feed- 
ing migrafions info habifafs where fhey preferably 
or exclusively forage, often as adulfs. Many of fhese 
species are fransienf and migrafions may be fidal, 
diurnal, or seasonal. Diadromy obligafes nekfon fo 
migrate befween marine and fresh wafers for spawn- 
ing, and in many cases, an esfuary is fhe only pafh 
fish can follow. In doing so, migrafing nekton use 
some habitats but not others. One further use of 
esfuarine habifafs may be refugia, buf fhis is less 
sfraighfforward. If is difficulf fo define "refuge" as 
a habifat usage, even fhough use as a refuge from 
predafion seems like a simple concepf. This issue is 
difficulf because refuge value is hard fo isolafe if 
nekfon also use a habifaf for ofher reasons such as 
feeding. 

13.3.3 Species Richness and Distribution 
Between Habitats 

The following sfafemenfs are based on dafa summa- 
rized from a variefy of esfuaries around fhe world. 
The number of fish species reporfed from esfuaries 
ranges from as few as 24 in fhe Ebro esfuary in Spain 
fo more fhan 150 in Terminos Lagoon on fhe Gulf of 
Mexico fo more fhan 400 in fhe exfremely rich lower 
Amazon River in Brazil. The mean number in Europe 
and Norfh America is 57 species. Accordingly, as 
seen in Table 13.1, fhere is no apparenf frend wifh 
lafifude, buf fhis may be affribufable fo fhe inten- 
sify of sfudy in difterenf areas. Table 13.1 musf be 
viewed wifh caufion because we are nof considering 
fropical America and Soufh Easf Asia esfuaries. The 
disfribufion of species richness over the nine habitats 
described above is shown in Eigure 13.1, separated 
by latitude tow (tropics), mid (temperate), and boreal 
(high). 

It is clear that most species are found on subfidal 
soff subsfrafum (habifat 6), subtidal hard substrate 
(habitat 7), subtidal sea grass beds (habitat 8), and 
biogenic reefs (habifat 9). Eewer species occur in salt- 
marshes (3) and reedbeds (2). These latter habitats are 
not always flooded, so fhey are harsher envirorunenfs 
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TABLE 13.1 The HUI calculated for European 
estuaries 




Abbreviation: HUI, habitat utilization index. 

®HUI index represents the sum of fish life history stages using 
a single habitat divided by the number of sites for that habitat 
in all estuaries combined (Elliot and Hemingway, 2002). 

for nekton. The contribution of commercial species 
is generally more than 50% in southern estuaries 
and is less than 50% in the north. In the Gulf of 
Mexico, perhaps as many as 65-75% of commercially 
important species are estuary related or estuary 
dependent (Gunter 1963; 1967; Longhurst and Pauly, 
1987; Sanchez-Gil and Yahez-Arancibia, 1997). 

While it is common for species to use multi- 
ple habitats, there are different peaks of abundance 
regulated by climatic changes that control the bio- 
logical and physical characteristics of the habitats 
(Fig. 13.2a,b). In the tropics, the use of habitats 
at different times is the result of different pop- 
ulation structure and d 5 mamics. The wide spatial 
distribution of these species in multiple habitats 
allows for niche partitioning among species and 
different life stages of the same species (i.e., dif- 
ferent biological stages occur in different habitats). 
From Figure 13.2, we see that there is preferential 
use of a fluvial lagoon system (Fig. 13.2a) during 
the wet season, while the sea grass mangrove sys- 
tem is preferred (Fig. 13.2b) habitat during the dry 
season. 

13.3.4 Habitat-Specific Use: Functional 
Relationships 

By habitat, the results for use are similar to those for 
species richness (Fig. 13.3). Most species use subtidal 
soft substrate (6), subtidal hard substrate (7), subtidal 
sea grass beds (8), and biogenic reefs (9) for feeding 
and nursery areas, with intertidal soft substrate also 
being important for feeding. Fewer estuarine fishes 
use saltmarsh (3), reed beds (2), and tidal fresh (1) 
areas for these same functions. At the species level, 
compiled from data from all well-studied estuaries, 
the percentage of the total number of fish species 




FIGURE 13.1 The distribution of fish species richness in 
estuaries by habitat type and latitude. Source: From Houde 
(1989). 

undertaking different habitat uses (functional rela- 
tionships) are in rank order as follows: feeding: 76% 
> nursery: 63% > spawning: 24% > diadromy: 9%. 
These percentages do not sum to 100% because some 
species use estuaries for more than one function. Com- 
paratively speaking, there are only a few diadromous 
species, and most transient species do not spawn in 
estuaries. It is important to note that the feeding ver- 
sus nursery results are reversed in more southern 
estuaries where nursery function apparently is more 
important. Other than that, there does not appear to 
be a strong relationship between latitude and how 
estuaries are used by nekton. 

In their comprehensive review of European estu- 
aries, Elliot and Flemingway (2002) combine form 
(habitat t 5 rpe) and function (usage) in a useful semi- 
quantitative index of habitat use that includes habitat 
use by life history stage (eggs, larvae, juveniles, and 
adults). This takes into account whether the fishes are 
estuary residents or transients and includes diadro- 
mous species that often migrate through an estuary 
to spawn as adults, while both adults and early life 
history stages can migrate out. The habitat utilization 
index (ETUI) is the sum of life history stages using a 
single habitat divided by the number of sites for that 
habitat in all estuaries combined. This index approx- 
imates the overlap between fish life history stages 
and the overall usage of each habitat t 5 rpe, and their 
results are shown in Table 13.1. 

The FUJI evaluates a habitat on the basis of an 
average number of uses made by all species and 
all life stages, but the rankings, however, come out 
almost the same as before (Fig. 13.1): subtidal soft > 
subtidal sea grass > subtidal hard > intertidal soft > 
tidal fresh > biogenic reefs > saltmarsh > reed beds 
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Month 

FIGURE 13.2 Seasonality of abundance for nine dominant fish species in tropical Terminos Lagoon southern Gulf of Mexico. 
The index of abundance both in (a) fluvial lagoon system (FLS) and (b) sea grass mangrove system (SMS) habitats, shows a 
clear seasonal programming of fish species and sequential habitat utilization. Anchoa mitchilli, Ariiis melanopus, Sphaeroides 
testudineus, Cichlasoma urophthalmus, Bairdiella crysoiira, Eucinostomus gula, and Diapterus rhombeus. Orthopristis chrysoptera is 
exclusive from SMS, and Petenia splendida is exclusive from FLS. Source: From Yanez-Arancibia et al. (1988). 



> intertidal hard. It should be apparent by now that 
habitat complexity is only one part of the equation that 
determines the relative value of a parficular habifaf 
fype fo esfuarine nekton. The HUI also does nof sum 
to 100%, sfressing fhe facf fhaf esfuaries should be 
viewed as a mafrix of infercormecfed habifafs fhaf can 
be used by many species for fhe same or differenf 
funcfions, and for any single species, if can be used 
for differenf funcfions depending on fheir life history 
sfage. 

In summary, the habitat attribute that is most 
important to facilitate use by estuarine nekton is the 
frequency of inundafion, that is, how often the habitat 
is covered by water. Habitats that are always flooded 



are fhe habifafs fhaf are mosf well ufilized by esfu- 
arine fishes and ofher nekton species (Fig. 13.2a,b). 
Among fhe habifafs fhaf are always flooded, subfidal 
soff subsfrafe is fhe largesf by areal exfenf and also 
provides excellenf feeding and nursery grounds 
for esfuarine nekton. The sfrucfural complexify of 
subfidal sea grasses and subfidal hard subsfrate is 
also imporfanf for feeding and refuge, showing fhaf 
habifaf complexify is an imporfanf affribufe as well. 
Use by nekfon in terms of habifaf f 5 T>e and funcfion 
does nof vary significanfly wifh lafifude, suggesfing 
fhat sfrong local gradienfs in factors such as fempera- 
ture and salinity, or high variability among a variety 
of factors, creafe condifions fo which relatively few 
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species, especially residents, can easily adapt. Those 
that have adapted are constrained to relatively few 
uses by the aforementioned estuarinel characteristics. 



13.4 LIFE HISTORY STRATEGIES 
AMONG ESTUARINE NEKTON: 
NOTES ON IMPORTANT 
REPRESENTATIVE TAXA 

13.4.1 Life Cycles and Life Histories 

Given that conditions for nekton in estuaries are 
highly variable, it is not surprising that relatively few 
fish families have members fhat have adapted to these 
conditions and that estuaries worldwide share many 
of fhe same faxa (Table 13.2). In facf, from fhe sfudy 
by Poffer ef al. (1990), eighf families have members 



fhaf are common fo esfuaries in Wesfem Ausfralia, 
Soufh Africa, Norfh America, and Wesfern European 
(i.e., four confinenfs). Neverfheless, if we consider 
Table 10.1 in fhe sfudy by Day ef al. (1989) on page 380 
from Esfuarine Ecology, Eirsf Edition, we infegrafe in 
Table 13.3 fhe mosf f 5 rpical examples of esfuarine nek- 
fon communifies, presenting some selecfed families, 
genera, and species around fhe world. 

Erom a life history sfandpoinf, esfuarine fishes 
exhibif a wide variefy of sfrafegies, buf fhey can be 
largely grouped info fhree cafegories: (i) freshwafer 
spawners, (ii) esfuarine spawners, and (iii) marine 
spawners (Deegan and Thompson, 1985; Pauly and 
Yahez-Arancibia, 1994; Yahez-Arancibia ef al., 1993, 
1994). Wifhin each of fhese cafegories, life hisfory 
sfrafegy can be further defined based on fraifs fhaf 
fogefher make if possible for esfuarine nekton to per- 
sist in estuarine conditions that vary at many temporal 
and spatial scales. In a series of sfudies in Terminos 



TABLE 13.2 Solubilities of nitrogen, oxygen, argon, neon, and helium in seawater at a salinity of 35 





Western 


South 


North 


Western 


Family 


Australia 


Africa 


America 


Europe 


Clupeidae 


X 


X 


X 


X 


Atherinidae 


X 


X 


X 


X 


Terapontidae 


X 


— 


— 


— 


Mugilidae 


X 


X 


X 


X 


Gobiidae 


X 


X 


X 


X 


Engraulidae 


X 


X 


X 


X 


Tetraodontidae 


X 


y 


X 


X 


Apogonidae 


X 


— 


— 


— 


Sillaginidae 


X 


— 


— 


— 


Gerreidae 


X 


— 


X 


— 


Plotosidae 


X 


— 


— 


— 


Sparidae 


X 


X 


X 


X 


Arripidae 


X 


— 


— 


— 


Hemirhampidae (Exocoetidae) 


X 


X 


X 


X 


Pomatomidae 


X 


X 


X 


X 


Carangidae 


— 


X 


X 


X 


Platycephalidae — 


X 


X 


— 


— 


Monodactylidae 


— 


X 


— 


— 


Soleidae 


— 


X 


— 


X 


Haemulidae 


— 


X 


— 


— 


Ambassidae 


— 


X 


— 


— 


Sciaenidae 


— 


X 


X 


X 


Ariidae 


— 


X 


X 


— 


Clinidae 


— 


X 


— 


— 


Syngnathidae 


— 


X 


X 


X 


Cichlidae 


— 


X 


(X) 


— 


Blenniidae 


X 


X 


X 


X 


Galaxiidae 


— 


X 


— 


— 



(X) for Cichlidae indicates several nonindigenous species. 
^Source: From Potter et al. (1990). 
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TABLE 13.3 Typical examples of estuarine nekton communities: fish families^ 



Shallow Water Fishes 
Killifish 

Cyprinodontidae 

Cyprinodon 



Silversides 

Atherinidae 

Menidia 



Cardinalfish 

Apogonidae 

Apogon 



Asiatic glassfishes 

Ambassidae 

Ambassis 



Molly 

Poeciliidae 

Poeciliopsis 



Cichlids, Tilapia 

Cichlidae 

Cichlasoma 

Oreochromis 



Tigerperches 

Terapontidae 

Amniataba 



Stickleblacks 

Gasterosteidae 

Apeltes 



Herring 

Clupeidae 

Brevortia 

Sardinella 



Halfbeaks 

Hemiramphidae 

Hemiramphus 



Temperate 

Tropical Subtropical Cold Boreal 




{Continued) 
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TABLE 13.3 (Continued) 



Temperate 



Shallow Water Fishes 



Tropical Subtropical 



Cold 



Boreal 



Moonyfishes 

Monodactylidae 

Monodactylus 



Anchovies 

Engraulidae 

Anchoa 

Engraulis 

Australian salmon 

Arripidae 

Arripis 



Bluefish 

Pomatomidae 

Pomatomus 



Jacks, drums 

Carangidae 

Chloroscombrus 



Salmon 

Salmonidae 

Coregonus 

Oncorhynchus 



Freshwater eels 

Anguillidae 

Anguilla 



Mullets 

Mugilldae 

Mugil 



Soles 

Soleidae 

Trinectes 
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TABLE 13.3 {Continued) 



Shallow Water Fishes 

L-Flounders 

Bothidae 

Citharichthys 

Paralichthys 

Drums, croakers 

Sciaenidae 

Bairdiella 

Micropogonias 

Cynosdon 

Pipefish, seahorses 
Syngnathidae 
Hemiramphus 
Hippocampus 

Gobies 

Gobiidae 

Gobionellus 



Combtooth blennies 

Blenniidae 

Ecsenius 



Silver jenny 
Gerreidae 
Eucinostomus 
Eager res 

Catfish 

Ariidae 

Arius 



Porgies 

Sparidae 

Archosargus 



Puffers 

Tetraodontidae 

Sphoeroides 



Grunts 

Haemulidae 

Orthopristis 



Temperate 

Tropical Subtropical Cold Boreal 




{Continued) 
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TABLE 13.3 {Continued) 



Temperate 

Shallow Water Fishes Tropical Subtropical Cold Boreal 



Smelt-whitings 

Sillaginidae 

Sillagus 



Eeltail catfishes 

Plotosidae 

Neosilurus 



Flatheads 

Platycephalidae 

Platycephalus 



Ponyfishes 

Leiognathidae 

Leiognathus 



Seabasses 

Serranidae 

Diplectrum 



Snappers 

Lutjanidae 

Lutjanus 



Threadfin 

Polynemidae 

Polydactylus 



Milkfish, snakehead 

Channidae 

Channus 



Phycid hakes 

Phycidae 

Urophyds 



R-Flounders 

Pleuronectidae 

Pseudopleuronectes 
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TABLE 13.3 (Continued) 



Temperate 



Shallow Water Fishes 

Tonguefish 

Cynoglossidae 
Symphurus 



Temperate basses 

Percichtyidae 

Morone 



Striped bass 

Moronidae 

Morone 



Codfish 

Gadidae 

Gadus 

Microgadus 



Tropical Subtropical Cold Boreal 






V 








S' 




<•> 



Smelts 

Osmeridae 

Osmerus 



Sculps 

Cottidae 

Artediellus 



Galaxiids 

Galaxiidae 

Galaxias 




■^Sources of information: FishBase, http://www.fishbase.org, and FAO, http://www.fao.org. Figures represent the families' general shapes, and 
genus are typical examples. Shadow area means distribution. From a didactical point of view, fish families have been arranged following the 
typical habitats described in the text. 



Lagoon southern Gulf of Mexico (Fig. 13.4), fhe use 
of mangroves habifaf was clearly illusfrafed. There 
are clear connecfions among seasonal pulsing of man- 
grove defrifal producfion, adjacenf planktonic and sea 
grass producfivify, and fish movemenf and secondary 
producfivify. If is reasonable fo exfrapolafe from fhis 
and similar sfudies fhaf fhe removal of mangrove 
weflands would cause a significanf decline in sporf 
and commercial fisheries in adjacenf open wafers. 

To beffer accounf for fhe many differenf ways 
nekfon have evolved fo cope wifh fheir environmenfs, 
Winemiller (1989) developed an ordinafion of life 



history characferisfics in a frilaferal confinuum fhaf 
reflecfs an adapfive surface area based on fecundify, 
age of mafurify, and juvenile survivorship (Fig. 13.5). 

In some ways, fhis approach is similar fo fhaf 
which denofes R versus K-selecfed species buf adds 
addifional flexibility for dealing wifh fhe enormify of 
life hisfory sfrafegies of fishes, which are fhe mosf 
specious group of verfebrafe animals on earfh. As 
menfioned above, esfuarine fishes exhibif a wide vari- 
efy of life hisfory sfrafegies, buf fhree endpoinfs wifh 
respecf fo parenfal invesfmenf and fhe speed af which 
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FIGURE 13.3 Relationships between average species number and habitat. Source: From Houde (1989). 



the life cycle is completed are recognized: (i) oppor- 
tunistic strategists, (ii) periodic strategists, and (iii) 
equilibrium strategists. 

13.4.2 Life History Strategies 
and Representative Taxa 

Periodic strategists are species that tend to be 
found in seasonally variable environments or those 
with large-scale spatial variation. These conditions 
favor species with large adult size and delayed 
maturation (long-lived), large clutches of eggs 
spawned in one or more large batches per year. 
Periodic strategists generally produce small pelagic 
eggs that are dispersive but in which there is very 
little parental investment in each egg. Periodic 
strategists are "bet-hedgers" in that they need only 
produce strong year classes in some years; in any 
one year, it is likely that a given female produces 
no survivors. There are many periodic strategists 
among the estuarine nekton. These include members 
of the families Cottidae (sculpins) and their relatives, 
Gadiidae (cod), Serranidae (basses), Sciaenidae (sea 
trout, drums, and croakers), Sparidae (sea breams), 
Pleuronectidae (left-eyed flounders), Chanidae 
(milkfish), S 5 modontidae (lizardfish), Belonidae 
(silver gars), Mugilidae (mullets), Polynemidae 
(threadfish), Cichlidae (tilapia, freshwater mojarra, 
and related fish), Tetraodontidae (puffers), Gerrei- 
dae (marine mojarras), Leiognathidae (slipmouth, 
ponyfish), Pomadasyidae (grunts), Pomotomidae 
(bluefish), Carangidae (jacks), Lutjanidae (snappers), 
and various families of flatfishes such as the 
Bothidae (right-eyed flounders), Soleidae (soles), 
and Gynoglosidae (toungefishes). By and large. 



periodic strategists make up the bulk of estuarine 
transients that spawn offshore, but whose juveniles 
may be dependent on an estuary as a nursery, or are 
estuary-related, having juveniles that settle on the 
portion of the shelf that is influenced by estuarine 
plumes. Adults of many of these taxa use estuaries 
as feeding grounds and often consume conspecifics 
(i.e., they are cannibals). 

This list is certainly not complete, and the reader 
should recognize that the response surface shown in 
Figure 13.5 is a continuum in which some taxa have 
traits that are intermediate between the three end- 
points. One species that represents the endpoint of 
the periodic strategy (which is similar to the classic 
K-selected species) is the striped bass Morone sax- 
atilis. This North American species is anadromous 
and spawns in the tidal freshwaters of large rivers. 
It can live more than 25 years and begins spawning 
when 8-9 years old. Mature females can exceed 45 kg 
and have lifetime fecundity in the many millions of 
eggs. Striped bass need to produce a strong year 
class once in only 5-7 years for the population to 
be long-term stable, and year-class success is related 
to seasonal and annual variability in river discharge. 
Young striped bass spend the first few years of their 
life in an estuary before migrating offshore to join the 
adult population. 

Opportunistic life history strategists are often 
found in environments that experience stochastic 
variability on short temporal and small spatial scales. 
This strategy favors species that mature early and 
are small and short lived and produce many small 
batches of eggs over long spawning seasons. As with 
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FIGURE 13.4 Life histories of six selected dominant fish species: marine-estuarine spawners A. rhomhoidalis and H. plumieri; 
estuarine spawners C. urophthalmus and U. jamaicensis; freshwater-estuarine spewners A. melanopus and B. chrysoura. The 
fish migrate using sea grasses /mangroves system (SMS) and fluvial lagoon system (FLS) habitats for the highest periods of 
productivity for feeding, spawning, or nursery ground. Source: From Yanez-Arancibia et al. (1988, 1993). 



periodic stratigists, there is very little maternal invest- 
ment in an individual egg. These species are much like 
the classic R-selected species and can quickly recolo- 
nize an area in the event of a poor year class. There 
are fewer opporfunisfic sfrafegisfs fhaf use esfuar- 
ies, buf fhese fishes can be exfremely abundant and 
are frequently important components of fhe esfuarine 
forage base. Opporfunisfic sfrafegisfs include mem- 
bers of families such as Afherinidae (silversides), 
Clupeidae (herringlike fish), C 5 rprinodontiodae (kil- 
lifishes), Engraulidae (anchovies), and Pol 5 memidae 
(fhreadfish). 

As before, fhis lisf is nof complefe, buf one species 
thaf represenfs fhe opporfunisfic endpoinf is fhe bay 
anchovy Anchoa mitchilli. This small fish ranges from 
Massachuseffs fo Brazil in fhe Aflanfic Ocean and 



is frequenfly among fhe mosf abundanf fishes in 
esfuaries over ifs range. Adulf bay anchovy seldom 
reach age 3 and usually weigh less fhan 5 g. Female 
bay anchovy can begin fo spawn wifhin fhe firsf year 
of life and can spawn more fhan 100 times during a 
profracfed spawning season, of fen spawning 50-75 
days in succession during peak season. Bay anchovy 
are referred fo as income breeders in fhaf egg production 
is fied direcfly fo feeding rafe; if is nof uncommon 
for a female fo spawn greafer fhan 400% of her body 
weight in eggs in a single spawning season, while 
growing in weight at rates as high as 25% per day. As 
such, this strategy maximizes the likelihood that some 
eggs will always be available to take advantage of 
small-scale variability in conditions that are favorable 
for survival. Opporfunisfic sfrafegisfs such as bay 
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FIGURE 13.5 Trilateral life history continuum of traits that 
enable nekton to cope with spatially and temporally vari- 
able environments. Source: From Winemiller and Rose 
(1992). 



anchovy can recover quickly from poor year classes 
due to high intrinsic rates of population growth. 

Equilibrium life history strategists tend to be 
found in resource-limited environments or in very 
stable environments with limited environmental vari- 
ability. These conditions favor species of intermediate 
body size and longevity and those that produce 
smaller clutches of large eggs. One distinct character- 
istic of equilibrium strategists is a marked increas in 
paternal investment in each progeny. This can occur in 
the form of nest building and guarding, mouth brood- 
ing, live bearing, etc. Having large well-developed 
young means that they are more likely to be com- 
petent feeders, or able swimmers, when first born. 
As such they avoid some of the difficulties faced by 
less poorly developed eggs and larvae that are associ- 
ated with variable food resources and local retention 
within an estuarine ecosystem. Perhaps surprisingly, 
there are equilibrium strategists that have adapted 
to living in estuaries. These include members of the 
families Salmonidae (salmon and trout), Osmeridae 
(smelts and capelin), Gasterosteidae (stickleblacks), 
Cottidae (sculpins), and their relatives, Poecillidae 
(live-bearers and guppies), Ariidae (sea catfishes), 
Gobiidae (gobies), S 5 mgnathidae (pipefishes and sea 
horses), and elasmobranchs (sharks, skates, and rays). 

Salmon, sticklebacks, sculpins, and gobies build 
and defend nests, both tasks of which are usually 
done by males. Smelts and capelins lay their eggs on 
beaches on the very highest spring tides, and the eggs 
develop in the sand until the next spring tide when 
they all hatch on the same night. Sea catfishes are 
mouth brooders, whereby the males scoop up recently 
laid eggs in their mouths where they hatch and stay 




mean clutch size, and investment per progeny for 68 marine 
fishes. Maturation length is the modal length in mm TL, 
mean clutch size is the mean batch fecundity for a local 
ecosystem or location and investment/progeny is an index 
that can range from 0 = no parental care to 8 = extremely 
long gestation. A value of 4 = lengthy protection by both 
sexes, etc. Source: From Winemiller and Rose (1992). 



until the small catfish are fully developed. Sea horse 
and pipe fish females lay their eggs in a pouch on 
the males' chest where they hatch and are released 
as fully capable, albeit small copies of the adults. 
As such, equilibrium strategists trade fecundity (life 
egg production) for parental investment, often to the 
detriment of the adults. 

In an examination of North American fishes for 
which sufficient data were available, Winemiller and 
Rose (1992) ordinated 68 marine species in a three- 
dimensional plot with axes labeled maturation size, 
investment/ progeny, and clutch size, which are anal- 
ogous to the traits of longevity, parental care, and 
fecundity in the discussions above (Fig. 13.6). 

Truly marine species (blue circle) are more likely 
to fall out toward the periodic corner of the ordina- 
tion, whereas estuarine species (green circle) can be 
periodic, opportunistic, and/or have traits that are 
intermediate between the endpoints. The red circle 
contains sea catfishes and pipefish, most of which 
occur in estuaries. Their high parental care makes 
them fall out toward the equilibrium side of the ordi- 
nation. What should be clear is that while there are 
species that fit the endpoints of each strategy, there 
are many more that have traits that are intermediate 
between the endpoints. As such, it is not always clear 
which ecological circumstance favors which strategy, 
but you can see how variability in estuarine con- 
ditions and circulation patterns likely play a role. 
Undoubtedly, adult life history characteristics have 
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diverged adaptively in response to environmental 
diversification and habitat segregation. 

Spawning outside estuaries provides the stimulus 
for evolufion of a pelagic larval period for fhose 
periodic sfrafegisfs fhaf are considered fo be eifher 
"esfuarine dependenf" or “esfuarine relafed" such 
fhaf small egg sizes increase fecundify and prolonged 
larval periods permit small progeny to accumulate 
resources by capitalizing on planktonic habitat that 
is rich in small prey. But for fhese species, advecfive 
losses can be significanf and many of fhe young may 
never make if fo an esfuary. In mosf years, no progeny 
of any given female survive fo mafurify. 

Rapidly changing environmenfal condifions 
within estuaries, and problems related to retention 
of young wifhin esfuarine sysfems, provide fhe 
sfimulus for evolufion of differenf life history 
sfrafegies. Opporfunisfic sfrafegisfs evolved fo 
spawn small bafches of eggs over long spawning 
seasons inside esfuaries, and equilibrium sfrafegisfs 
evolved fo produce big eggs wifh some pafemal 
care fhaf favors refenfion and fo produce larvae 
capable of feeding immediately after birth. However, 
opportunistic strategists can exhibit bloom or bust 
population d 5 mamics given their short life spans, 
and fhe equilibrium sfrafegy can be cosfly fo adulfs, 
especially if survival is low. 



13.5 LIFE AND DEATH 
IN ESTUARIES 



13.5.1 When Is Year Class Success 
Determined? 

If is now accepted fhat for mosf esfuarine nekton, 
year-class success is determined during early life 
fhrough a variefy of mechanisms fhaf are nof always 
well understood (Houde, 1989; Pauly and Yahez- 
Arancibia, 1994, and see Pauly and Yahez-Arancibia, 
fhis volume). This knowledge is pragmafic rafher 
fhan mechanisfic and is based on fhe observafion fhaf 
there is little to no correlation between abundance 
estimates of successive life hisfory sfages unfil fhe lafe 
larval fo juvenile sfages, affer which the number of 
survivors (often referred fo as recruits) is correlafed fo 
the number of subsequent adult spawners (Fig. 13.7). 

This occurs because numbers of eggs and larvae 
decline exponentially at very high and variable rates, 
especially those of periodic and opporfunisfic life 
hisfory sfrafegisfs. Eggs and newly hafched larvae 
offen die af rafes exceeding 50% /day; fhese rafes may 
be as high as 95% /day for species such as fhe bay 
anchovy. Morfalify rafes of feeding-sfage larvae are 




Almost no 





correlation 



FIGURE 13.7 The relative correlations between successive 
life history stages of estuarine nekton from eggs to spawn- 
ing adults. Source: From Houde (1989). 



lower but can be as high as 30-40%/ day. Most of fhe 
morfalify of early life hisfory sfages is affribufable fo 
predafion. 

In fishes, vifal (growfh and morfalify) rafes are 
relafed and are very plasfic, so fhese rafes can dif- 
fer greafly among seasons or years in response fo 
environmenfal variabilify, including food abundance. 
Unforfunafely, growfh and morfalify rafes are relafed 
in a way thaf David Cushing called fhe single process. 
Cushing (1975) inferred fhaf fhe longer an individ- 
ual remains vulnerable fo predafion, fhe higher the 
cumulative mortality rate, which means that slow 
growth tends to increase the likelihood of being eaten 
because you do not outgrow your potential predators 
as quickly as fast growers. Houde (1989) used scenar- 
ios presented in Table 13.4 to illustrate how the "single 
process" can result in recruitment successes and fail- 
ures wifhouf invoking episodic populafion losses. 

These resulfs show fhaf relafively small changes 
in growfh (here represented as age fo mefamorphosis) 
and mortalify rafes (here mortality coefficients) can 
generate order of magnitude and larger variabilities 
in year-class success. In an estuarine setting, anything 
that can affect either rate (even subtly) can have a big 
effect on the number of survivors (recruifs), and fhese 
rafes, especially morfalify, are difficulf fo esfimafe in 
fhe field. 

13.5.2 Factors Affecting Growth, 
Mortality, and Community Structure 
of Estuarine Nekton 

In mosf cases, less fhan 50% of fhe nekton found 
in esfuaries are year-round residenfs. Observed 
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TABLE 13.4 One good and three bad recruitment scenarios^ 



Condition 


Initial Number in a Cohort 


Mortality Coefficient (z, per day) 


Age at Metamorphosis (t) 


Number of Recruits 


Good 


1 X 10® 


0.100 


45.0 


11,109 


Bad-1 


CO 

O 

X 


0.125 


45.0 


3,607 


Bad-2 


1 X 10® 


0.100 


56.2 


3,625 


Bad-3 


1 X 10® 


0.125 


56.2 


889 



^All cohorts initially begin with 1 million larvae. The mortality coefficient is from the formula where is the number surviving 

to age t in days, and is the initial number of larvae (here 1 million). Age at metamorphosis is the time it takes for larvae to become 
juveniles (i.e., a low number = fast growth). Source: From Houde (1989). 



variability in the seasonality of occurrence appears to 
be created by responses to temperature and salinity, 
but oxygen levels, habitat, predation, interspecific 
compefifion, hydrod 5 mamic processes, and exofic 
species may also play a role. The seasonal use of 
esfuaries by nekton is very complex. In the following 
secfions, we discuss some of fhese abiofic and biofic 
factors in more defail. 

13. 5.2. 1 Abiotic Factors 

Salinify has long been h 5 rpofhesized to be a fhe 
main driver of nekton communify response in esfuar- 
ies (Deegan ef al. 1986; Evans 1993; Paffillo ef al. 1995) 
becuase of fhe potential for sfrong salinify gradienfs 
in esfuaries. Water temperature also is important, as 
it affects distribution both between and within estu- 
aries seasonally, although temperature effects also 
are important and are closely tied to the effects of 
ofher variables such as DO. In some esfuaries, fhere 
are sfriking differences between summer and winfer 
fish faunas fhaf are likely due fo fhe salinify and 
femperature folerances and preferences of different 
species, as is the latitudinal change in the composition 
of esfuarine faunas along the east and west coasts of 
fhe Norfh America. Individual nekton species have 
salinity and temperature ranges over which they per- 
form besf, for example, fhe gulf menhaden Brevoortia 
patronus is mosf abundant at temperatures ranging 
from 25-35 °C, buf fheir disfribufion is also affecfed 
by salinify and food supply. 

In femperafe and colder regions, fhe feeding rate 
of nekton is seasonal. Nekton fhaf do nof migrate in 
winfer monfhs offen do nof feed or feed very liffle 
when fhe wafer is cold. This behavior is affribufable 
fo fhe energy budgef for growfh, which is called 
bioenergetics, and is expressed in difference form by 
the formula: 

Wt = Wt^i + (p * * A) - R,,,At (13.1) 

where Wj is fhe weighf foday, Wj_j fhe weighf 
yesferday, p * the proportion of maximum possi- 
ble food infake realized, A fhe assimilafion efficiency. 



fhe respiration rate, and At per unif time, usually 
1 day. Respiration is highly dependent on temper- 
ature and weight in cold-blooded animals such as 
fishes and slows down in fhe winfer. This means fhaf 
in cold conditions, fishes do nof need fo eaf much fo 
mainfain their weight or grow, which can be either 
very low or negligible in winter (Fig. 13.8). 

Consequently, resident fishes in femperafe esfu- 
aries offen feed acfively in spring and fall, which has 
fo do wifh recovering from winfer conditions in fhe 
spring and sforing enough energy in fall fo prepare 
for winter conditions, respectively. In general, how- 
ever, adult fishes musf consume 1 -30% of fheir body 
weight /day at optimal temperatures depending on 
the level of normal activity. For example, 3% body 
weight /day is t 5 rpically required for lurking preda- 
fors, whereas higher values have been observed for 
anchovies or ofher consfanfly moving filter feeders 
or plankfivores. Feeding rates are much higher for 
early life hisfory sfages (3-50% for juveniles and 
50-400% / day for larvae), sfressing fhe imporfance of 
food supply on growfh rafes during early life in fhe 
"single process" and recruifmenf variabilify. 

Salinify also exercises sfrong confrol over fhe 
disfribufion and physiology (via osmoregulafory 
requiremenfs) of fishes wifhin esfuaries. Infermediafe 
and flucfuating salinities keep species diversity tow. 
Species diversity is minimal when salinities range 
from 3 fo 8 ppf. This is referred fo by some as fhe 
salinify no man's land as if excludes many truly 
marine and freshwater species. That said, mobile 
"estuarine" nekton species usually are capable of 
living in a wide range of salinifies, buf will respond 
by moving info a preferred range fhaf is species 
specific (Table 13.5). 

Offen, differenf life hisfory sfages have differenf 
salinify preferences and may differ in fheir abilify fo 
survive salinity changes. Young fishes fend fo be more 
sfenohaline fhan adulfs, undoubtedly due fo poorly 
developed osmoregulafory sysfems, or may sfarve or 
be eaten by predafors if growfh slows when flushed 
info less productive regions by high flows. Unusually 
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FIGURE 13.8 The relationship between seasonal food consumption by a fish species and water temperature in a temperate 
reservoir. 



TABLE 13.5 Distribution of common fishes in the Navarro River and its estuary, California, in relation to salinity 



Species 


Salinity (ppt) 
Classification^ 


o‘> 


O'^ 


1 


3 


9 to 10 


23 to 25 


30-F 


Sacramento sucker 


1 




X 


X 


— 


— 


— 


— 


California roach 


1 


X 


X 


X 


X 


— 


— 


— 


Prickly sculpin 


2 


X 


X 


X 


X 


X 


X 


X 


Rainbow trout 


3 


X 


X 


X 


X 


X 


X 


R 


Threespine stickleback 


2 and 3 


X 


X 


X 


X 


X 


X 


X 


Starry founder 


4 


— 


X* 


X* 


X* 


X* 


X 


X 


Shiner perch 


4 


— 


— 


R* 


R* 


X* 


X 


X 


Jacksmelt 


4 


— 


— 


— 


R* 


X* 


X 


X 


Bay pipefish 


4 


— 


— 


— 


— 


X 


X 


X 


Plainfin midshipman 


4d 


— 


— 


— 


— 


X 


X 


X 


Penpoint gunnel 


4 


— 


— 


— 


— 


— 


X 


X 


Pacific herring 


4d 


— 


— 


— 


— 


— 


X 


X 


Surf smelt 


4 


— 


— 


— 


— 


— 


X* 


X 


Northern anchovy 


4 


— 


— 


— 


— 


— 


X 


X 


Lingcod 


5 


— 


— 


— 


— 


— 


— 


X* 



■^The species are classified according to their salinity tolerance as follows: 1, stenohaline, freshwater; 2, euryhaline, freshwater; 3, anadromous; 
4, euryhaline, marine; and 5, stenohaline, marine. 

*More than 1 km upstream from first riffle. 

“^Just above first riffle. 

“^Spawning. 

“^Indicates that the fish were present and common, R that were present but rare. 

•Indicates predominantly young-of-year fish. 



high salinity can also affect nursery function, par- 
ticularly in arid regions. Estuaries that are deprived 
of freshwater become more saline, and thus have 
reduced capacity to support "estuarine-dependent" 
nekton species. The numbers of marine predators in 
estuaries often increase dramatically during drought 
conditions because of high salinity conditions. 

DO is another abiotic factor that is highly variable 
in estuaries. Problems can arise during periods of low 



flow, especially when natural levels of organic inputs 
remain high. Problems also arise when flows are high 
and anthropogenic inputs of inorganic nutrients over- 
stimulate primary production (i.e., eutrophication), 
which when coupled with stratification of the water 
column can cause h5rpoxia or anoxia. One newly 
emerging problem associated with eutrophication 
and hypoxia in estuaries is the increase in gelatinous 
zooplankton. These animals are more tolerant of low 
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DO than many nekton species (particularly nekton 
early life history stages) and voraciously consume 
both zooplankton and fish eggs and larvae. More- 
over, gelafinous zooplankfon fhemselves are rarely 
preyed on direcfly and are fhus a frophic dead end in 
fhe esfuarine food web. 

Hydrodynamics and wind sfress can also affecf 
recruifmenf in esfuarine ecosysfems. Hydrological 
condifions and coasfal morphology can defermine 
fhe amounf of pofenfial sefflers, as many esfuary- 
dependenf and esfuary-relafed species spawn off- 
shore and rely on currenfs fo fransporf fhem inshore 
and demersal nekton offen prefer fo seffle from fhe 
plankton on specific boffom f 5 rpes. Once in an esfuary, 
sfrong residual currenfs favor refenfion, buf asym- 
mefric fidal currenfs can be a problem. For example, 
many of fhe world's esfuaries have fidal currenfs 
fhaf are generated asfronomically, buf ofhers occur 
in microfidal environmenfs where currenfs are gener- 
afed by meteorological evenfs and are less predicfable 
in time and amplifude. This dichofomy provides an 
inferesfing area of research because fransporf and 
refenfion offen involves behaviorally mediated use of 
fidal circulations, buf some esfuary-dependenf nek- 
fon species are equally as successful in esfuaries fhaf 
are governed by asfronomical tides and exhibif sfrong 
fwo-layered circulafions and in esfuaries where nei- 
fher of fhese condifions persisfs. 

13.5.2.2 Biotic Factors 

Alfhough food in esfuaries is usually abundanf 
overall, availabilify of any particular food can show 
considerable shorf-ferm flucf nations. While sfarva- 
fion is rare, fhe indirecf effecfs of food availabilify 
on recruifmenf via changes in growfh rafe is high 
(remember fhe "single process"). As such, mosf esfu- 
arine species are nof specialized feeders, even fhough 
each species or life history sfage will show a prefer- 
ence for some general t 5 rpe of food. Hence, feeding is 
sfrongly fied fo habifaf fype (Vega-Cendejas ef al., 
1994; Rivera-Arriaga ef al., 2003; Yhhez-Arancibia 
ef al., 2007). Sooner or lafer, almosf every pofenfial 
source of energy will will be consumed by somefhing 
(nekfon or ofherwise), and af any given time, if is 
unlikely fhaf any significanf source of food will be 
underutilized. Remember, esfuarine food webs are 
simple and fhe number of species fhaf are abundanf 
af any one fime is likely fo be low, especially in 
cold temperate and boreal esfuaries, buf offen are 
complex wifh a number of dominanf second-order 
consumers in warm and fropical esfuaries (Deegan 
and Thompson, 1985; Chrisfensen and Pauly, 1993; 
Vega-Cendejas ef al., 1994; Yanez-Arancibia ef al., 
1994). 



While nof overly specialized, fhere is much diver- 
sify in fhe diefs of esfuarine nekfon. Food sources 
range from nufrienfs in solufion fo planfs (micro and 
macro) and animals (micro fo macro). The observed 
diversify in diefs is due fo diversify in habifaf and 
body form. Some nekfon species are exclusively her- 
bivorous or carnivorous buf mosf are omnivores and 
generalisfs, fhaf is, a variefy of food f 5 q>es are eaten 
in fhe same order of abundance in which fhey are 
encountered (feed nonselecfively). Ofher species are 
exclusively parasitic. Mosf nekfon species also expe- 
rience significanf changes in dief wifh onfogeny, and 
fhe life cycles of fishes are offen fied fo cycles in food 
abundance. The boffom line is fhaf fishes are sfrongly 
fied fo fheir environmenf via food webs, and fhe diver- 
sify of habifafs and body forms resulfs in a diversify 
of feeding f 5 rpes. While if is difficulf fo generalize 
fhe diversify of feeding f 5 qjes, one broad characfer- 
isfic prevails. Namely, food is ingesfed fhrough fhe 
moufh; ofher fhan fhaf almosf anyfhing goes, buf cer- 
fain broad cafegories are recognized. These cafegories 
include fhe following. 

Predators. Predatory nekfon feed on macro- 
scopic animals using well-developed grasping, 
cuffing, or holding feefh. A rule of fhumb is fhaf 
any nekfon species fhaf cafches and consumes prey 
fhaf is >1/3 of ifs own body lengfh is considered 
a predator. Many predafors actively hunf for prey 
(e.g., bluefish Pomatomus saltitrix), ofhers lurk (winfer 
flounder Pseudoplueronectus americanus), and ofhers 
use lures (monkfish Lophius americanus). Depending 
on how fhey obfain fheir prey, some hunf by 
sighf (e.g., bluefish), while ofhers use smell (blue 
crabs Callinectes sp.), sound, and mechanorecepfion 
(sharks and rays) or touch (e.g., norfhem sfargazer 
Astroscopus guttatus). 

Grazers. Grazing nekfon fake food in bites, offen 
by small individual bites. In esfuaries, grazers offen 
browse on micro- and macrovegafafion, fhe laffer 
being much like ruminanfs (e.g., mullefs family, 
Mugilidae, which have gizzards for grinding planf 
material). Biters of animal prey also are included 
among fhe grazers (e.g., pinfish Lagodon rhomboides), 
and as such can be difficulf fo distinguish from 
predafors ofher fhan fhe predator fo prey size ratio 
discussed earlier. 

Strainers or filter feeders. These species sfrain 
or filler small organisms from fhe wafer column and 
food items are selected by size rafher fhan by kind. 
Many consume phyfoplankfon using adapfafions in 
fhe moufh and jaw fhaf facilifafe fhe collecfing and 
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swallowing of a concentrated "bollus" of millions of 
cells at a time. This t 5 rpe of feeding is very important 
in the clupeiods (herringlike fishes and their rela- 
tives); for example, gulf menhaden use gill rakers to 
filter the water column and can filter 5-10 l/m^\ 
removing all but the smallest phytoplankton from 
the water. Strainers and filter feeders feed near the 
base of the food webs and often are found in estuar- 
ies in very high biomass, which makes them part of 
the forage base for nekton that feed at higher trophic 
levels. 

Suckers. These species suck food into the mouth 
or ingest food-containing material such as bottom 
substrate. Suckers are mostly bottom feeders that 
usually have inferior mouths and modified lips (e.g., 
Gobiidae, Eliotridae, and Ariidae). The most impor- 
tant feeding stimuli for suckers is the sense of touch, 
so many species have barbels around the mouth that 
contain taste buds. Many suckers are detritivores that 
take in mouthfuls of sediment and clean it of food, 
then spit out or excrete the unusable material. Some 
of the estuarine drums and croakers (Sciaenidae) feed 
as described above and use barbels to search for 
benthic prey in soft sediments. Others have lips mod- 
ified for scraping or rasping and can remove food 
from hard surfaces (Gerreidae). For example, mullets 
(Mugilidae) can scrape macrovegetation from rocks 
and shells and can also feed on macrovegetation such 
as Ulva sp. and are thus grazers. 

Parasites, parasitic nekton share one the most 
highly evolved feeding habits among animals of the 
world. The best example of an estuarine parasitic 
nekton species may be the anadromous sea lamprey 
Petromyzon marinus that cuts or scrapes holes in the 
sides of larger nektonic hosts, from which they drink 
blood and body fluids. 

Now that we have briefly discussed feeding t 5 rpes, 
we can make a transition to discuss some of the biotic 
factors that affect recruitment and structure estuarine 
nekton communities. It will quickly become apparent 
how these subjects relate. 

13.5.2.3 Biotic Factors and Community 
Structure 

Predation is one of the most important factors reg- 
ulating recruitment success and community structure 
in estuaries because many transient species are preda- 
tors as adults, and these can occur in large numbers. 
Hence, the impact of predation on both invertebrates 
and fish populations can be large (i.e., top-down con- 
trol of abundance). Large concentrations of predators 
can locally deplete prey populations and become 



food-limited (e.g., demersal fishes feeding on benthic 
invertebrates are believed to be responsible for low 
densities and biomass in subtidal soft substrate 
habitats), but predators consumption often are offset 
by high P : B ratios of prey. Young nekton using 
estuaries as nursery areas are also subject to intense 
predation (remember the refuge h 5 rpothesis?), but 
mortality rates of the juveniles may be compensated 
for by rapid growth rates (the single process again). 
Rapid growth enables them to quickly out grow many 
types of predators (Pope et al., 1994). In general, other 
sources of abiotic and biotic variability (i.e., density- 
independent regulation) are more important than pre- 
dation in structuring estuarine prey and/or nekton 
communities. 

Before we move on, this is a good time to intro- 
duce a very important topic concerning population 
regulation. Food-limited growth is a common phe- 
nomenon in most estuarine ecosystems, and it is 
rare to observe estuarine nekton growing at their 
maximum potential rates. However, as mentioned 
earlier, food limitation is most often driven by fac- 
tors other than intraspecific consumption of prey 
resources. However, it is also true that the nekton 
populations in nature do not grow to infinite size 
because at some point, population growth becomes 
limited by some resource. When intraspecific com- 
petition for food or space does become limiting, this 
feedback is considered density dependent rather than 
density independent. Density-dependent population 
regulation in part explains why it is possible to exploit 
populations sustainably. 

Competition, such as predation, does not seem 
to be as important as environmental fluctuations in 
regulating the abundance and community structure 
of estuarine nekton. Most studies on food habits of 
estuarine nekton show a high degree of overlap in 
diet among the species present, which is probably due 
the low number of species of abundant invertebrate 
prey in estuarine soft bottoms. Nevertheless, it has 
been argued that the staggered use of estuaries by 
estuary-dependent nekton may be, at least partially, 
a mechanism for the species to reduce interspecific 
competition for food by their young (Fig. 13.9). 

For example, juvenile sciaenids (e.g., Atlantic 
croaker, Micropogonias undulatus, and spot Leiostomus 
xanthurus in Fig. 13.9) manage to segregate partially 
in estuaries by feeding habits owing to differences 
in body shape and mouth structure and partially 
on the basis of distribution and timing of the use 
(seasonality) of estuaries (Fig. 13.10). 

Invasions by normative species are a growing 
problem in estuaries worldwide. Invasive species get 
introduced mostly through dumping of ballast water 
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Time (months) (3/72-3/75) 

FIGURE 13.9 Relative importance (percent of total caught) of four species of estuarine fishes at different times of year in the 
Apalachicola Bay estuarine system. Source: From Livingston et al. (1985). 
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FIGURE 13.10 Diets of juvenile sciaenids in Mobile Bay, AL, collected during the same seasons, but at different locations in 
the Bay. (a) The percent composition by dry weight (DW) of items to the diet of Atlantic croaker and (b) for spot. The bubbles 
sum to 100% for each of diet. DR is a region of the mid-bay where spot were much more abundant than croaker. FM is a 
region in the lower bay where the inverse was true. Samples were collected contemporaneously. 



by ships, by unintentional releases from aquaculture, 
and the aquarium trade has also been implicated. 
Perhaps, the extreme example in the United States 
of an invaded esfuary is fhe Sacramenfo-San Joaquin 
esfuary (San Francisco Bay) of California. Several new 
species successfully invade fhere each year and much 
of fhe biofa is now exofic. One species of nofe is fhe 
sfriped bass, which is native fo fhe easf and Gulf of 
Mexico coasfs of fhe Unifed Sfafes. This species was 
infenfionally infroduced in fhe 1850s and has fhrived. 



ulfimafely growing fo supporf a subsfanfial recre- 
afional fishery. Buf as offen happens, fhe sfriped bass 
in now considered a pesf because if consumes salmon 
smolfs, some species of which are now endangered. 
Ofher significanf infroducfions include an Asian clam, 
whose filler feeding has greafly reduced populafions 
of zooplankton required as food by larval fishes, and 
of fhe copepod Sinocalanus sp., which has replaced fhe 
native copepod Eurytemora sp., buf whose behavior 
makes if much more difficulf for fhe larvae of native 
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TABLE 13.6 Relative areas and contributions (percent) to production and potential fish harvests of estuaries, shelf, 
coastal upwelling, and oceanic ecosystems 



Region 


Area 


Primary 

Production 


Global Fish 
Production 


Potential Global 
Fish Catch 


Estuaries 


0.5 


2.6 


5.2 


5.9 


Shelves 


6.4 


15.3 


26.2 


22.3 


Upwelling 


1.4 


4.6 


8.5 


8.1 


Oceanic 


91.7 


77.5 


60.1 


63.7 



fishes to catch and eat. The result is a highly altered 
ecosystem with many endangered native species. 



13.6 ESTUARINE FISHERIES 

A number of investigations have demonstrated rela- 
tionships between fisheries yields and the high nutri- 
ent loads, freshwater inputs, shallow depths, large 
areas of tidal mixing, coastal vegetated area, surface 
area of lagoon-estuarine systems, and resulting high 
productivities that are t 5 rpical of estuaries and estu- 
arine plume ecosystems (Pauly and Yhfiez-Arancibia, 
1994, 2011, this volume; Cowan et al., 2008; Sanchez- 
Gil et al., 2008; Baltz and Yahez-Arancibia, 2011). 
Because of these relationships, and despite the small 
aggregate spatial extent of estuaries (<1% of the 
global marine area), almost 6% of fishery yields have 
historically been derived from estuarine or estuary- 
dependent species (Table 13.6). 

In the US Gulf of Mexico, the fraction is consid- 
erably higher; estuary-dependent species dominate 
in large and valuable commercial and recreational 
catches. For example, gulf menhaden, B. patronus, 
support the second largest US fishery by weight, and 
peneid shrimps support the fifth largest by value; 
shrimp landings alone are valued at $400-500 mil- 
lion/year. Additional information on estuarine and 
coastal fisheries can be found in the studies by Mann 
(2000) and Baltz and Yanez-Arancibia (2011) and 
Chapter 18 of this volume. 

Fish production in estuaries and in coastal ecosys- 
tems is governed by the laws of trophic supply and 
demand, and changes in nutrient supply for primary 
producers can filter up through the food web to fishes, 
thereby increasing fish production if overall produc- 
tion is increased at lower trophic levels. Moreover, we 
have already learned that estuaries serve as nursery 
areas for fishes that spawn offshore, enter estuar- 
ies as larvae and / or juvenile, and after a period of 
residency, move back offshore to complete their life 



cycles. While in estuaries, larvae and juveniles are 
abundant and often experience phenomenal growth 
rates and biomass production that result from very 
high feeding rates, but factors that affect abundances 
of young fishes in estuaries are not well known, espe- 
cially in the tropics, and many factors identified as 
important to fisheries production in more comprehen- 
sively studied, temperate estuaries clearly are not uni- 
versal. That said, many of these estuary-dependent 
species support valuable recreational and commer- 
cial fisheries and are derived from highly productive 
estuaries that seem to share some characteristics such 
as high river discharge rates, large freshwater sur- 
pluses, and low water residence times. Under these 
circumstances, however, it is possible that much of 
the production and subsequent trophic transfer may 
occur outside the physical boundaries of the estuar- 
ies, that is, in association with plumes of fresh water 
over shallow continental shelves. These contrasting 
sources of trophic delivery to the fishery forage base 
(estuary and shelf) introduce uncertainty in how we 
view the functions of estuaries and the shelf ecosys- 
tems they influence, especially in the tropics and sub- 
tropics. At the very least, we believe that high fisheries 
production may be attributable in part to estuarine- 
like conditions that cover large portions of the irmer 
continental shelf during high river discharge periods, 
because relatively few fish species are wholly adapted 
to life cycles within estuarine ecosystems. Disentan- 
gling the relative contributions to fish production 
by estuarine and estuarinelike inner shelf ecosys- 
tems maybe essential for long-term ecosystems-based 
management of estuaries, especially in light of rapidly 
changing conditions due to anthropogenic and nat- 
ural stressors (Baltz and Yanez-Arancibia, 2011). As 
a result, understanding ecosystem function (includ- 
ing fishery ecosystems) may be a moving target, as 
large-scale and rapid changes in fish habitat (some 
of which are human induced) occur against the back- 
drop of longer term changes attributable to a variety 
of human-caused insults, climate change, and loss of 
coastal wetlands, sea grasses, and biogenic reefs. 



354 I CHAPTER THIRTEEN Estuarine Nekton 



REFERENCES 



Able KW. A re-examination of fish estuarine dependence: 
evidence for connectivity between estuarine and ocean 
habitats. Est Coast Shelf Sci 2005;64:5-17. 

Able KW, Fahay MP. The First Year in the Life of Estuarine 
Fishes in the Middle Atlantic Bight. New Brunswick (NJ): 
Rutgers University Press; 1998. 342 pp. 

Aguirre-Leon A, Yanez-Arancibia A. Las mojarras de 
Laguna de T6rminos: Taxonomia, biologia, ecologia 
y dinamica trofica (Pisces: Gerreidae). An Inst 
Cienc del Mar y Limnol Univ Nal. Auton. Mexico 
1986;13(l):369-444. 

Baltz D, Yanez-Arancibia A. Ecosystem-based management 
of coastal Fisheries in the Gulf of Mexico: Environmental 
and anthropogenic impacts and essential habitat protec- 
tion. In: Day JW, Y^nez-Arancibia A, editors. The Gulf 
of Mexico: Ecosystem-based; Management, Harte research 
institute for Gulf of Mexico studies, series volume 4. 
College Station (TX): Texas A&M University Press; 2011. 

Blaber SJM. Tropical Estuarine Fishes: Ecology, Exploitation 
and Conservation. Oxford: Blackwell Science; 2000. 

Chao LN, Pereira LE, Vieira JP, Bemvenuti MA, Cunha 
LPR. Volume 5, Relacao Preliminar dos Peixes Estuarinos 
e Marinhos da Lagoa dos Patos e Regiao Costeira Adjacent. 
Rio Grande do Sul, Brasil: Atlantica, Rio Grande; 1982; 
67-75. 

Christensen V, Pauly D, editors. Volume 26, Trophic Models 
of Aquatic Ecosystems. ICES Theme Session, DANIDA, 
ICLARM Conference Proceeding. Manila Philippines: 
International Center for Living Aquatic Resources Man- 
agement; 1993. 390. 

Cowan JH, Grimes CB, Shaw RF. Life history, history, 
hysteresis, and habitat changes in Louisiana's coastal 
ecosystem. Bull Mar Sci 2008;83(1):197-215. 

Cushing DH. Marine Ecology and Fisheries. Cambridge: Cam- 
bridge University Press; 1975. 278 pp. 

Day JH. In: Balkena AA, editor. Estuarine Ecology with 
Particular Reference to Southern Africa. Rotterdam, The 
Netherlands, 1981. 412 pp. 

Day JW, Hall CAS, Kemp WM, Yanez-Arancibia A. Estuar- 
ine Ecology. New York: John Wiley & Sons, Inc; 1989. 558 

pp. 

Deegan LA, Thompson BA. The ecology of fish commu- 
nities in the Mississippi river deltaic plain. In: Ydnez- 
Arancibia A, editor. Fish Community Ecology in Estuaries 
and Coastal Lagoons: Towards an Ecosystem Integration. 
Mexico: UNAM-PUAL-ICML, Editorial Universitaria; 
1985. pp 75-90. 

Deegan LA, Day JW, Gosselink JG, Yanez Arancibia A, 
Chavez GS, Sanchez-Gil P. Relationships among physi- 
cal characteristics, vegetation distribution and fisheries 
yield in Gulf of Mexico estuaries. In: Wolfe DA, edi- 
tor. Estuarine variability. New York: Academic; 1986. pp 
83-100. 

Elliott M, Hemingway KL. Fishes in Estuaries. Oxford: Black- 
well; 2002. 



Evans DH. Osmotic and ionic regulation. In: Evans DH, 
editor. The physiology of fishes. Boca Raton: CRC; 1993. pp 
315-341. 

Gunter G. The fertile fisheries crescent. J Miss Acad Sci 
1963;9:286-290. 

Gunter G. Some relationships of estuaries to the fisheries 
of the Gulf of Mexico. Estuaries.. American Associa- 
tion for the Advancement of Science. Washington, DC: 
1967;83:621-638. 

Houde E. Comparative growth, mortality, and energetics of 
marine fish larvae: Temperature and implied latitudinal 
effects. Fish Bull 1989;87:471-495. 

Lara-Dominguez AL. Ecological structure of estuarine fish 
communities: habitat linkages among dominant species 
groups in Termonos Lagoon, Mexico PhD [dissertation]. 
Baton Rouge: Louisiana State University; 2001. p. 271 

Livingston RJ. Organiztion of fishes in coastal sea-grass 
system:The response to stress. In: Yanez-Arancibia 
A, editors. Fish Community Ecology in Estuaries and 
Coastal Lagoons: Towards an Ecosystem Integration. Mexico: 
UNAM-PUAL-ICML, Editorial Universitaria; 1985. pp 
367-382. 

Longhurst A, Pauly D, editors. Ecology of Tropical Oceans. 
San Diego: Academic Press; 1987. 407 pp. 

Mann KH. Ecology of Coastal Waters: With Implications for 
Management. 2nd ed. New York: Blackwell Science, Inc; 
2000. 406 pp. 

McHugh JL. Estuarine Nekton. American Association for the 
Advancement of Science Publications No. (83), Wash- 
ington, DC: 1967. pp 581-620. 

Nordlie FG. Fish communities of estuarine salt marshes 
of eastern North America, and comparisons with tem- 
perate estuaries of other continents. Rev Fish Biol Fish 
2003;13:281-325. 

Pauly D. Five Easy Pieces: The Impact of Fisheries on Marine 
Ecosystems. Washington, DC: Island Press; 2010. 236 pp. 

Pauly D, Yanez-Arancibia A. Fisheries in coastal lagoons. In: 
Kjerfve B, editor. Coastal Lagoon Processes, Oceanography, 
series 60. Amsterdam, The Netherlands: Elsevier; 1994. 
pp. 377-400. 

Pauly D, Yanez-Arancibia A. Fisheries in lagoon-estuarine 
ecosystems. In: Day J, Kemp M, Yanez-Arancibia A, 
Crump B, editors. Estuarine Ecology. 2nd ed. New York: 
Wiley Interscience; 2011. 

Pattillo M, Rozas LP, Zimmerman RJ. A review of salinity 
requirements for selected invertebrates and fishes of 
U.S. Gulf of Mexico estuaries. 1995. Galveston: National 
Marine Fisheries Service, Southeast Fisheries Science 
Center. 

Polis GA, Winemiller K, editors. Food Webs: Integration of 
Patterns and Dynamics. New York: Chapman Hall; 1996. 

Pope JG, Shepherd JG, Webb J, Stebbing ARD, Mangel 
M. Successful surf-riding on size spectra: the secret of 
survival in the sea [and Discussion]. Phil Trans Biol Sci 
1994;343(1303):41-49. Generalizing across Marine and 
Terrestrial Ecology, The Royal Society. 

Potter IC, Beckley LE, Whitfield AK, Lenanton RCJ. Com- 
parisons between the roles played by estuaries in 



References | 355 



the life cycles of fishes in temperate western Aus- 
tralia and southern Africa. Environ Biol Fishes 1990;28: 
143-178. 

Ray GC. Do the metapopulation dynamics of estuarine 
fishes influence fhe stability of shelf ecosystems. Bull 
Mar Sci 1997;60(3):1040-1049. 

Ray GC, Hayden BP, McCormick-Ray MG, Smith TM. Land- 
seascape diversity of the USA east coastal zone with 
particular reference to estuaries. In: Ormond RGF, Gage 
JD, Angel MV, editors. Marine Biodiversity: Patterns and 
Processes, Cambridge, UK: Cambridge University Press; 
1997. pp 337-371. 

Rivera-Arriaga E, Lara-Dominguez AL, Villalobos GJ, 
Yanez-Arancibia A. Trophodynamic ecology of two 
critical habitats (seagrass and mangrove) in Terminos 
Lagoon, southern Gulf of Mexico. In: Arreguin F, Pauly 
D, Zeeler D, editors. ECOPATH-II Workshop Proceeding. 
Vancouver, Canada: Fisheries Research Center Report 
University British Columbia; 2003. 

Roff DA. The Evolution of Life Histories: Theory and Analysis. 
New York: Chapman and Hall; 1992. 

Sdnchez-Gil P. Ecologia demersal tropical: grupos fim- 
cionales y patrones de utilizacion en habitats costeros 
(sur del golfo de Mexico). [Tropical demersal ecology: 
functional groups and pattern of coastal habitats utilization] 
PhD [Dissertation. Mexico (DF): Universidad Autonoma 
Metropolitana; 2009. pp. 109. 

Sdnchez-Gil P, Ydnez-Arancibia A. Grupos ecoldgicos fun- 
cionales y recursos pesqueros tropicales. In: Flores D, 
Sanchez-Gil P, Seijo JC, Arreguin F, editors. Andlisis 
y Diagndstico de los Recursos Pesqueros Criticos del Golfo 
de Mexico, Universidad Autonoma Campeche. Mexico: 
EPOMEX serie cientifica 7. 1997. pp. 357-389. 

Sdnchez-Gil P, Y^nez-Arancibia A, Day JW, Wilson 
CA, Cowan JH. Ecological and biological strate- 
gies of Etropus crossotus and Citharichthys spilopterus 
(Pleuronectiformes-Paralichthydae) related to estuar- 
ine plume, southern Gulf of Mexico. J Sea Res 2008; 
59:173-185. 

Vega-Cendejas ME, Herndndez M, Arreguin-Sdnchez F. 
Trophic interrelations in a beach seine fishery from the 
northwestern coast of the Yucatan Peninsula, Mexico. J 
Fish Biol 1994;44:647-659. 

Whitfield AK. Biology and Ecology of Fishes in Southern African 
Estuaries. J.L.B. Smith Institute of Ichthyology, No. 2. 
Grahamstown, South Africa: 1998. 

Winemiller KO. Patterns of variation in life history 
among South American fishes in seasonal environments. 
Oecologia 1989;81:225-241. 



Winemiller KO, Rose KA. Patterns of life hisfory diver- 
sification in North American fishes: implications for 
population regulation. Can J Fish Aquat Sci 1992;49: 
2196-2218. 

Yanez-Arancibia A. Taxonomy, Ecology and Structure of Fish 
Communities in Coastal Lagoons with Ephemeral Inlets on 
the Pacific Coast of Mexico. Instituto Ciencias del Mar 
y Limnologia Speciales Publicaciones 2. Mexico (DF): 
UNAM Press; 1978. 306 pp. 

Yanez-Arancibia A, editor. Fish Community Ecology in Estu- 
aries and Coastal Lagoons: Toivards Ecosystem Integration. 
Instituto Ciencias del Mar y Limnologia. Mexico (DF): 
UNAM Press; 1985. 654 pp. Ed.). 

Yanez-Arancibia A, Day JW. Ecological characterization of 
Terminos Lagoon, a tropical lagoon-estuarine system in 
the Southern Gulf of Mexico. In: Lasserre P, Postma 
H, editors. Coastal Lagoons. Gauhier-Villards, France: 
Oceanologica Acta: 1982;Oceanolog Acta 5(4):431-440. 

Yanez-Arancibia A, Sanchez-Gil P, editors. The Demersal 
Fishes of the Southern Gulf of Mexico Shelf: Environment, 
Ecology and Evaluation. Instituto Ciencias del Mar y Lim- 
nologia Special Publication 9. Mexico (DF): UNAM Press; 
1986. 230 pp. 

Yanez-Arancibia A, Lara-Dominguez AL. Ecology of fhree 
sea catfishes (Ariidae) in a tropical coastal ecosystem- 
southern Gulf of Mexico. Mar Ecol Prog Ser 1988; 
49:215-230. 

Ydnez-Arancibia A, Lara-Dominguez AL, Day JW. Inter- 
actions between mangrove and seagrass habitats 
mediated by estuarine nekton assemblages: Coupling 
of primary and secondary production. Hydrobiologia 
1993;264:1-12. 

Yanez-Arancibia A, Lara-Dominguez AL, Pauly D. 
Coastal lagoons as fish habitats. In: Kjerfve B, edi- 
tor. Coastal Lagoon Processes, Oceanography series 
60. Amsterdam, The Netherlands: Elsevier; 1994. 
pp 363-376. 

Yanez-Arancibia A, Lara-Dominguez AL, Rojas Galaviz JL, 
Sanchez-Gil P, Day JW, Madden CJ. Seasonal biomass 
and diversity of esfuarine fishes coupled with tropical 
habitat heterogeneity (southern Gulf of Mexico). J Fish 
Biol 1988;33(Suppl A): 191-200. 

Ydnez-Arancibia A, Lara-Dominguez AL, Sanchez-Gil P, 
Day JW. Estuary-sea ecological interactions: A theoreti- 
cal framework for the management of coastal environ- 
ment. In: Withers Kim, Nipper Marion, editors. Harte 
Research Institute for Gulf of Mexico Studies. Special Pub- 
lication Series No.l. Corpus Christi (TX): Texas A&M 
University; 2007. pp. 271-301. 



CHAPTERl 



FOURTEEN 



B the ecology of 

ESTUARINE WILDLIFE 

Russell Greenberg 



Protected from the open ocean, gentle meeting places 
of marine, ferresfrial, and riverine ecosysfems, esfu- 
aries and fheir many habifafs provide a home for 
a greaf diversify and abundance of wildlife species. 
From open embaymenfs fo broad expanses of fidal 
mudflaf and fhe greenery of fidal marshes and man- 
grove swamps, birds, mammals, repfiles, and a few 
amphibians live fheir lives or visif fo fake advan- 
fage of an abundance of food as fhey move along fhe 
coasf . This chapfer explores fhe diversify of wildlife in 
esfuaries, fhe pafferns of wildlife abundance in fime 
and space, fhe ecological role of wildlife in esfuarine 
ecosysfems, and how fhe activities of wildlife and 
humans influence each ofher. 



14.1 DIVERSITY, EVOLUTION, 
AND ENDEMISM 



14.1.1 Patterns of Diversity 

Birds are fhe mosf diverse group of ferresfrial verfe- 
brafes associafed wifh esfuaries. Approximafely 165 
species of Norfh American birds are found commonly 
in esfuaries in af leasf a porfion of fheir range dur- 
ing some fime of fhe year. Of fhese, abouf one-fhird 
are coasfal species fhaf primarily forage in deeper 
wafers and are also found close fo fhe shore along 



non-esfuarine coasflines. Anofher fhird are shore- 
birds and waders fhaf feed on mudflafs, beaches, and 
adjacenf shallow wafers. Twenfy-five species (mosfly 
waferfowl) are associafed predominanfly wifh shal- 
low wafers of sloughs and lagoons, and 35 species 
find fheir primary home in marshes. The dominanf 
faxonomic groups occupying esfuaries are Charadri- 
iformes (shorebirds, gulls, and ferns) wifh 60 species, 
Anseriformes (waferfowl) 31 species, Passeriformes 
21 species, and Ciconiiformes 14 species. Mosf of fhe 
species are found in a variefy of coasfal or inferior 
wefland habifafs and only a handful can be con- 
sidered specialisfs, wifh populations fhaf are largely 
resfricfed fo coasfal esfuaries. 

Alfhough Soufh America has over fhree times 
fhe fofal number of bird species fhan Norfh America 
(over 3000 compared fo 800 regular species), fhe rich- 
ness of fhe esfuarine avifauna is only slighfly higher. 
If we exclude fhe 80 or so species associafed wifh frop- 
ical mangrove foresfs from considerafion (Sfofz ef al., 
1996), fhen fhe number of esfuarine species in Soufh 
America is acfually lower fhan fhaf in Norfh America 
(approximafely 120 vs 165 species). The largesf differ- 
ence is in fhe number of species associafed wifh fhe 
deeper wafer of embaymenfs, wifh only abouf half 
fhe number of species in Norfh America, as well as 
waferfowl associafed wifh shallow wafer. The major 
groups fhaf show lower diversify in Soufh America 
are diving piscivores (such as loons and grebes) and 
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diving invertebrate feeders (sea and diving ducks). 
Estuaries in South America are largely devoid of 
migranfs from high-lafifude boreal foresf or fundra- 
breeding areas, which is nof surprising considering 
fhaf fhe ausfral migrafion sysfem is much less diverse 
than the boreal migration system. This difference in 
diversify is in parf due fo fhe lack of land mass af 
high lafifudes. Alfhough fhe sfafisfics presenfed here 
are for New World esfuaries, fhe general lafifudinal 
patterns apply fo Old World esfuaries as well. 

The diversify of esfuarine mammals is consider- 
ably lower fhan fhaf of birds. Of fhe 400 species of 
Norfh American mammals, approximafely 50 species 
are regularly found in esfuarine habifafs (Greenberg 
and Maldonado, 2006). For mammals, fhe preponder- 
ance is associafed wifh fidal marshes (35 species) wifh 
a small number of coasfal marine mammals occurring 
in the open waters. The diversity of fidal marsh mam- 
mals is lower in Soufh America (26 species) and sfill 
lower in Europe (15 species). Once again, fhese num- 
bers are augmenfed by a few species of cefaceans, 
sirenids, and musfelids (offers) so fhat a value of 
25-50 species of esfuarine mammals can be found on 
any of fhese confinenfs. 

Terresfrial mammals are dominated by small 
species, particularly rodents in the family Muridae 
and shrews (in fhe Norfhem Hemisphere), aug- 
mented by some mid-sized omnivores and carnivores. 
Marine mammals of esfuaries include some whales 
(found regularly in only a few esfuaries) and smaller 
cefaceans, a few species of seals and sea lions, 
offers, and, in tropical areas, several members of fhe 
dugong/ manatee order. 

Heatwole (1999) estimated that only 1.4% of fhe 
5300 species of repfiles have made incursions info 
coasfal saline habifafs, a vasf majorify (approximafely 
70 species) of which is snakes. Few of fhe over 80 
species of salfwafer-folerant repfiles can be found in 
fhe open wafer of esfuaries. Habifat associafions are 
known for abouf half of fhe marine species of snake. 
Of fhese, 14 species are associafed wifh open esfuary 
or mangrove habifafs in soufhern Asia and four are 
found in salf marshes in Norfh America. Only a few 
species of furfle (including fhree species of fhe sea 
furfles) make regular use of esfuarine habifaf, and 
all buf one are found in fropical esfuaries (Emsf and 
Barbour, 1989). Finally, several species of crocodiles 
are dominanf predafors in subfopical esfuaries. 

We have briefly examined fhe major faxonomic 
groups found in differenf esfuaries, buf esfuaries 
fhemselves are a composife of infercormecfed 
habifafs. Each esfuarine zone supporfs a unique 
assemblage of wildlife faxa, which is explored in 
Table 14.1. 



14.1.2 Functional Diversity 

Alfhough species diversify is often nof remarkable 
for verfebrafes in esfuarine sysfems, fhe functional 
diversify, as reflecfed in fhe range of body plans 
and specialized feeding adapfafions, is higher fhan in 
mosf ecosysfems. The range of body sizes provides 
prima fasciae evidence of high funcfional diversify. 
The size range in esfuarine mammals dwarfs fhaf of 
ofher verfebrafes ranging from shrews (5 g) fo small 
baleen whales (45,000 kg) and includes mosf of fhe 
major orders and foraging guilds. Birds of esfuar- 
ies range from among fhe smallesf (humming birds 
in mangrove swamps and wrens in salf marshes) 
fo among fhe largesf volanf bird species, includ- 
ing fhe dalmafion pelican {Pelicanus crispus, 9 kg) 
of Eurasia. Similarly, among repfiles, fhe esfuarine 
fauna includes all of fhe major morphof 5 rpes includ- 
ing snakes, lizards, furfles (including sea furfles), and 
crocodiles. They range in size from small snakes and 
lizards up fo fhe largesf living repfile, fhe esfuarine 
crocodile. 

Wifh fhe local diversify of habifafs, from marsh 
vegefafion and mudflafs fo shallow and deep wafers, 
if is likely fhaf no ofher ecosysfem supporfs as greaf 
a diversify of foraging opporfunifies and challenges 
as esfuaries. The behavior and morphological design 
of birds, in particular, show profound variafion as 
shown in Table 14.2 and Figure 14.1. Whaf follows 
is a brief overview of some of fhe behavioral and 
morphological adapfafions fhaf can be found among 
birds feeding only fens of mefers aparf along an 
esfuarine shore. 

14.1.3 Endemism in Estuarine Faunas 

For fhe mosf parf, vertebrafe species fhat occupy 
open water habitats in estuaries have a broader 
coastal distribution and are undifferentiated in estu- 
aries. One notable exception may be found in bof- 
flenose dolphins, and perhaps ofher small cefaceans. 
Along several coasflines, pelagic and inshore bof- 
flenose dolphins comprise morphologically differen- 
fiafed ecof 5 q)es fhaf reflecf disfincf lineages based on 
fhe analysis of mitochondrial DNA (Hoelzel ef al., 
1998). 

Species found in fhe shallow water, mud- 
flat, marsh, and mangrove habitats are usually 
widespread in freshwater wetlands or even other for- 
est or grassland habitats, but at times are represented 
in estuarine habitats by different species or differ- 
entiated populations within a species. Endemism 
in particular habitats is shaped by the difference 
in selective environmenfs between esfuaries and 
adjacenf habifafs. Of all of fhe esfuarine habifafs, if is 
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likely that salt marsh and mangroves are the two that 
provide the strongest environmental discontinuity. 
Features of tidal marshes and swamps that might 
shape local adaptation include salinity, tidal flux, and 
the simple floristics and vegetative structure. Coun- 
tering the forces of locally divergent environments. 



marshes and swamps are often not very extensive and 
not separated from inferior weflands and grasslands, 
and are unsfable in exfenf and disfribufion fhrough 
time (Malamud-Roam et al., 2005). 

Local divergence has been documented for popu- 
lations of af leasf 25 species of salf marsh vertebrafes. 



TABLE 14.1 Foraging behavior and adaptations in estuarine birds 



Foraging behavior 


Description 


Adaptation 


Examples 


References 


Foliage gleaning 


Move through 
dense vegetation 
using small, 
often thin bills 
for prey capture 
and probing 


Short, thin bill (except 
sparrows which also probe 
and eat seeds) 


Wrens, sparrows, 
warblers, spinetails 




Cursorial surface 
picking 


Largely visual. 
Short bills are 
used to pick 
invertebrates off 
the surface 


Short- to medium-length bill 


Plovers, sandpipers 


Nebel et al. (2005) 


Tactile mud 


Probe into the 


Long, narrow bill with a small 


Sandpipers, 


Nebel et al. (2005) 


probing 


substrate; 
sometimes with a 
sewing-machine- 
like motion 
where the long 
bill is rapidly 
inserted through 
shallow water 
and into the 
substrate below 
to locate and 
capture prey 


sensory organ (Herbst 
Corpuscles) near the tip of 
the bill. Bill curvature is 
assumed to increase the 
effective volume of 
substrate processed tactilely 
per unit time 


dowitchers 




Burrow probing 


Probe burrows of 
crabs and other 
large 

invertebrates 


Long, down-curved bills with 
bill lengths of over 180 cm 
in some species 


Curlews 




Secretive marsh 
probing 


Probe in mud in 
dense vegetation 


Long, narrow bill; lateral 
compression of skeleton for 
movement in narrow spaces 


Rails 




Vortex spinning 


Spinning, their 
dabbling feet 
creating a small 
vortex in the 
water, small 
invertebrates can 
be picked off the 
surface and 
suspended by the 
vortex surface 


Moderately long, straight 
narrow bill; lobed feet 


Phalaropes 


Rubega and Obst 
(1993) 


Shallow water 


Ploughing motion 


Broad, deep bill or bill with 


Spoonbills, 




ploughing and 


of its bill to 


broad spatulate tip that is 


spoon-billed 




sweeping 


disturb and 
capture its prey; 
slow sweeping 
motion or rapid 
sweeping while 
running through 
the water 


well endowed with sensory 
papillae 


sandpiper, 
boat-billed heron, 
avocets 





{continued) 
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TABLE 14.1 {Continued) 



Foraging behavior 


Description 


Adaptation 


Examples 


References 


Wading and fish 


Wade in shallow 


Long, spear-shaped bills; long 


Herons and egrets 


Lovell (1958), 


spearing 


water, often 
employing a 
sit-and-wait 


legs 




Kushlan (1981) 




strategy for 
capturing fish. 
Species in the 
genus Buteroides 
(e.g., 

green-backed 
herons) are 
widely reported 
to drop bait on 
the water surface 










to attract fish. 
Other species 
employ a variety 
of tactics to flush 










or attract prey 
including 
shuffling their 
feet or spreading 
their wings to 
form a shaded 










canopy 








Filter feeding 


Flamingos 


In the flamingos, the thick 


Flamingos 


Zweers et al. 




(Phoenicopterus) 


tongue is thrust back to 




(1995). 




wade in shallow 


pump water in and then 








water. The head 


forward and sideways to 








is inverted so the 


press water through the 








upper mandible 


sides of the bill where the 








is held below the 


filter retain prey of 








lower mandible. 


4-8 mm. The spacing of the 








The inverted 


laminae is finer toward the 








banana-shaped 


tip of the bill, so the 








bill is fringed 


flamingo can adjust the 








with laminae. 


mesh of the filter it is 








which filter 


using — presumably to the 








water for small 


size of the plankton on 








prey 


which it is foraging, by 
manipulating water along 
the beak 






Grazing and 


Graze terrestrial 


Broad, strong bills. While 


Waterfowl 




dabbling 


plants and 


most of the bill is flexible. 








forage on 


the nail at the bill tip is 








submerged 


hard and allows for a firm 








aquatic 


grasp. The bills of grazing 








vegetation by 


geese have sharp edges for 








tipping over and 


clipping vegetation. 








reaching down 


whereas many species of 
ducks have laminae 
fringing, which allows the 
sieving of water for small 
prey and food particles. 
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TABLE 14.1 (Continued) 








Foraging behavior Description 


Adaptation 


Examples 


References 



Surface diving 



Plunge diving 



Aerial piracy 



Carrion and 
detritus feeding 



Fish and invertebrates 
below the surface or 
attached to the bottom 
substrate are often 
harvested by birds that 
swim on the surface 
and dive 



Fish can be spotted by 
birds flying over the 
estuary and captured 
by plunge dives to the 
surface, either by the 
bill (terns, gulls) or feet 
(ospreys, Pandionidae). 



Kleptoparastisim involves 
the stealing of prey 
captured by one 
animal by another 
animal. Occurs 
opportunistically in 
many species. 

Locate, dominate, and 
feed off scattered 
animal carcasses and 
organic garbage 



Birds are propelled under 
water by paddling their 
webbed or lobbed-toed feet 
or with their wings. 
Adaptations for diving 
include having legs and feet 
far back on their body and 
large feet for power kicking 
under water. Diving ducks 
often stroke simultaneously 
with both feet in a dolphin 
kick. Air stored in air sacks is 
rapidly expelled and feathers 
flattened to increase ballast 
and make diving easier. 
Diving birds that feed 
primarily on fish or shrimp 
have long narrow bills, which 
reduce water resistance and 
close quickly around prey. Bill 
edges, the palate, or tongue 
may have recurved teeth for 
grasping slippery prey. 
Alternatively, the tip of the 
bill might be hooked (as in 
cormorants). Diving and sea 
ducks feed primarily on 
shellfish and use their broad, 
heavy duck bill to pull or pry 
their prey from the surface. 

Since perches are rare over 
estuarine waters, most 
plunge diving species are 
adept at hovering in one 
place to facilitate searching 
for schools of fish. Birds that 
capture fish with their bill 
often have long, narrow, 
daggerlike bills that pierce 
the water easily and close 
quickly around 
fast-swimming prey. 

Similarly, osprey feet have a 
reversible front toe and small 
barbs to help hold onto fish. 

Powerful flight and large body 
size 



Olfactory and visual acuity, 
large home range, ability to 
garner social information on 
food sources, and specialized 
adaptations, such as the 
ability to detoxify certain 
compounds associated with 
the rotting of biological 
substances. 



Loons, grebes, 
cormorants, 
ducks. 



Terns, 

kingfishers, 

osprey 



Ashmole (1968) 



Jaegers, 

eagles, 

gulls, 

frigate birds 



Corvids, gulls, 
vultures, 
caracaras, 
bald eagle 



Furness (1987) 
Grant (1971) 



DeVault et al. 
(2003) 
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TABLE 14.2 Characteristic wildlife species in different estuarine zones 



Estuarine zone 


Birds 


Mammals 


Reptiles 

and amphibians 


Outer bays 


Gulls (Laridae), terns 


Humpback (Megaptera 


Diamondback 




(Sternidae), cormorants 


novaeangliae), minke 


terrapin, sea turtles. 




(Phalacrocoracidae), pelicans 
(Pelicanidae), diving ducks 
(Aythyinae) sea ducks 
(Merginae), loons {Gaviidae), 
and grebes (Podicepiidae). 


(Balaenoptera acutorostrata), 
gray (Eschrichtius robustus), 
pilot (Globicephala spp.), orca 
{Orcinus orca), and beluga 
whales (Delphinapterus 
leucas). Inshore species of 
small cetaceans include over a 
dozen species of dolphins and 
porpoises of the neritic coastal 
zone, harbor seals (Phoca 
vitulina) and occasionally other 
species of seals (Phocids) sea 
otters. 


sea snakes 


Shallow waters, 


Gulls, terns, cormorants. 


Dugongs and manatees 


Crocodiles, some 


inner bays, river 
mouths 


pelicans, diving ducks and 
grebes 


(Sirenidae), and otters 


turtles 


Sandy beaches 


Gull, terns, shorebirds 


Seals and sea lions 


Breeding sea turtles 
and terrapins 


Mudflats 


Shorebirds, wading birds 


Harbor seals 




Salt marsh 


Passerines such as pipits and 


A variety of rodents (e.g., voles. 


Saltmarsh snakes 




wagtails, wrens, sylviid 


mice, rats, nutria, muskrats). 


{Nerodia), 




warblers, emberizid 


and shrews along with variety 


diamondback 




sparrows, rails, herons, 
egrets, and other wading 
birds, terns and shorebirds. 


of mid-sized omnivorous and 
carnivorous species including 
raccoons, opossums, small 
canids, and cats. Large 
herbivores include deer and 
domestic livestock. 


terrapins 


Fresh and 


Similar birds to those found in 


Similar mammals to those found 


Most of the 


brackish marsh 


salt marshes, but more 


in salt marshes, but with 


non-specialized 




diverse including a number of 


greater diversity. Muskrats and 


reptile and 




songbird species associated 
with any interior freshwater 
marsh systems. In Europe and 
Asia, these areas are often 
dominated by the common 
reed (Phragmites australis) 
and support reed-inhabiting 
warblers (Acrocephalus spp.), 
buntings, and tits. 


deer can be common. 


amphibian species 
that inhabit 
estuarine waters. 


Mangroves 


Herons, bitterns, cormorants. 


Leaf (Prebytis cristatus) and 


Crab-eating frog 




kingfishers, buteos. 


proboscis monkeys (Nasalis 


(Fejervarya 




Important canopy birds 


larvatus) in southeast Asia and 


cancrivora), 




include hummingbirds in the 


howler monkeys (Allouatta 


crocodiles, a few 




New World and sunbirds, 
flower eaters and honey 
eaters in the Old World. 
Insectivorous passerines 
(woodcreepers, flycatchers, 
vireos, wood warblers, old 
world warblers, white-eyes, 
and tanagers), bee-eaters, 
woodpeckers, and pigeons. 


spp.) in the New World. Large 
Asian and Australian fruit bats 
known as flying foxes 
(Pteropus spp.). Hammerhead 
bats in Africa form large roosts 
in the canopy of mangrove 
swamps. Otters and fishing 
cats. 


turtles, and snakes. 
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FIGURE 14.1 With their diverse and often highly productive habitats, estuaries support a very high level of funcfional 
diversity. Here we illustrate some of the morphological variation in adaptations for foraging among birds (See Table 14.2 
for descriptions of adaptations): (a) (clockwise from top center) magnificent frigatebird (Fregata magnificens), an aerial pirate; 
seaside sparrow {Ammodramus maritimus) a marsh insectivore-granivore; ringed kingfisher {Ceryle torquata) a plunge diver, 
great blue heron {Ardea herodias) a wading piscivore, roseate spoonbill (Platalea ajaja) a wading filter feeder; long-tailed Duck 
{Clangula hyemalis), and American crow (Corviis brachyrhynchos) a scavenger; (b) Three species of scolopacid shorebirds with 
different bills for foraging for invertebrates at different depths of water or mudflat, black-bellied plover (Pliwialis squatarola); 
long-billed dowitcher {Limnodromus grisetis); and long-billed curlew {Numenius americanus). 



primarily in North America (Greenberg et al., 2006). 
Almost all of the endemic taxa are subspecies. The 
mangrove fauna is both more diverse and more 
poorly known than that of salt marshes, but 63 taxa 
(44 species and 19 subspecies) terrestrial vertebrate 
species have been reported to be either endemic to 
mangroves or have recognized subspecies restricted 
primarily to mangroves (Table 14.2). Forty-four bird, 
4 mammal, and 15 reptile species or subspecies 



are restricted to mangroves. Endemic species are 
from a wide variefy of verfebrafe lineages: furfles, 
lizards, snakes, hummingbirds, egrefs, rails, kingfish- 
ers, hawks, woodpeckers, passerines, bafs, monkeys, 
slofhs, and rodenfs (Lufher and Greenberg, 2009). 
The number of endemic faxa associafed wifh man- 
grove swamps has nof been fabulafed on a worldwide 
basis, and fhe number of mangrove specialized sub- 
species (as opposed fo full species) is particularly 
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poorly known. Stotz et al. (1996) reported that only 
87 species of Neotropical birds are found regularly in 
mangroves and for only 17% of fhese is mangrove a 
primary habifaf . Of fhese, only four species are classi- 
fied as being resfricfed fo mangroves. Similarly, over 
100 species of birds are characf eristic of mangroves in 
soufh Asia and of fhese, approximafely 30 are largely 
resfricfed fo mangroves (King ef al., 1975; Rasmussen 
and Anderfon, 2005), wifh an additional 25 or so 
mangrove specialisfs in Ausfralia (Simpson and Day, 
1996). The low free diversify, lack of ferresfrial sfrafa, 
and salinify of fhe environmenf probably combine fo 
limif fhe number of successfully colonizing species. 

14.1.4 The Role of Estuaries 
in Macroevolutionary Shifts 

Because esfuaries present a gradient of environmental 
conditions, are protected from fhe physical forces of 
fhe oufer coasfs, and are offen highly productive, if is 
logical fhaf fhey would presenf a habifat fhaf is impor- 
fant for major evolufionary shiffs wifhin lineages from 
ferresfrial and riverine ecosysfems fo open ocean and 
vice versa (Dunson and Travis, 1994). Examples of 
this include the incremental evolution of salf folerance 
associafed wifh fhe occupancy of esfuaries in furfle 
and snake lineages. On a macroevolufionary scale, if 
is assumed fhat fhe ancestors of modern whales were 
primitive, carnivorous arfiodacfyls {Archiocetes) fhaf 
occupied esfuarine habifafs approximafely 50 million 
years ago. In fhese and ofher insfances, esfuaries are 
fhe cradles for fhe birfh of imporfanf evolufionary 
irmovafions. 



14.2 SEASONAL USE 



14.2.1 Reproduction 

In general, food resources far oufsfrip fhe habifaf 
available for reproducfion for mosf wildlife species 
associafed wifh esfuaries. The diversify and abun- 
dance of breeding birds, in parficular, can be sur- 
prisingly low considering fhe concenfrafions found 
in esfuaries af ofher times. Only abouf 50 of fhe 
165 species of Norfh American esfuarine birds nesf 
in or adjacenf fo esfuaries, wifh fhe resf breeding 
in areas offen quite disfanf. Similarly, Lefebvre and 
Poulin (2000) reported fhaf of fhe 40-80 species fhaf 
regularly inhabif fhe neofropical mangrove swamps 
fhey surveyed, only 3-15 species breed. A number 
of shorebirds, waders, and waferfowl species are 
joined by songbirds and small mammals fo repro- 
duce in marshes and mangroves af fhe esfuarine 



fringes. Sandbars and salt marsh islands provide a 
safe haven for colonial waferbirds, furfles, and af 
leasf one marine mammal (harbor seal Phoca vitulina). 
The calm open wafers of large esfuaries are soughf 
affer by a few species of cefeceans, such as fhe beluga 
{Delphinapterus leucas) and gray whales {Eschrichtius 
robustus). 

14.2.2 Nonbreeding Use of Estuaries 

A very high proportion of bofh fhe species and abun- 
dance of esfuarine birds are found only during fhe 
nonbreeding season. In facf, esfuaries supporf some of 
the most spectacular bird migrations with large por- 
tions of fhe confinenfal populafions of cerfain species 
concenfrafing in a single esfuary during stopovers 
(Fig. 14.2). For example, over half of fhe 3-4 million 
Pacific Coasf wesfern sandpipers pass fhrough fhe 
Copper River Delfa in soufhern Alaska, a site fhaf 
supporfs fhe highesf concenfrations of shorebirds for 
fhe fl 5 rway along fhe wesf coasf of North America 
(Bishop et al., 2000). The two largest North Amer- 
ican estuaries, San Francisco and Chesapeake Bays, 
support over two million waterfowl during fhe win- 
ter months (Perry and Deller, 1995; Takekawa et al., 
2006). The concentrating effect of esfuaries is nof jusf 
found in birds. Some esfuaries, such as fhe moufh of 
fhe Sf Lawrence River in Canada, supporf large con- 
cenfrafions of foraging marine mammals af cerfain 
fimes of fhe year. 



14.3 SPECIALIZED ADAPTATION 
TO ESTUARINE LIFE 



14.3.1 Tidal Cycles and Storm Surges 

Regular tidal cycles cause profound habifaf change 
from one fo two fimes a day for esfuarine wildlife. 
The mosf obvious effecfs occur in fhe intertidal zone 
where areas are regularly exposed or inundafed wifh 
wafer. For example, exposed tidal mudflafs provide a 
femporally available habifaf for foraging shorebirds. 
Af high fide, foraging birds can abandon inundafed 
areas fo forage in less affected habifafs, in fhe way 
fhaf sanderlings {Calidris alba), a small beach-adapfed 
sandpiper, move befween mudflafs and oufer coasfal 
beaches during high tide (Cormors et al., 1981). Tidal 
flows have a profound influence on the foraging 
of birds in deeper water as well. Double-crested 
cormorants {Phalacrocorax auritus) in the Columbia 
River Estuary of Oregon prefer fo forage during ebb 
fides, because benfhic fish are more exposed and 
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FIGURE 14.2 Migratory shorebirds, such as these red knots (Calidris canutis) and ruddy turnstones {Arenaria interpres), 
concentrate in temperate zone estuaries in the late spring to amass large volume of fat stores before heading off to the Arctic. 
In Delaware Bay, they feed voraciously on the eggs of horsehoe crabs (Limulus poIyphemus), a highly threatened resource. 
Red knots breed circumpolarly in the high Arctic and migrate as far as South American, Australia, and South Africa. They 
concentrate along tidal mudflats in productive estuaries where they can accumulate up to 5 g per day and often make long 
nonstop flights (as far as 6000 km!) between their stopover sites (Piersma 2005). 



phytoplankton (and its associated fish) is most abun- 
dant in areas of high fidal flow (Anderson ef al., 
2004). 

Less predicfable flooding can occur when normal 
daily fidal flow, rain, and wind align fo bring wafer 
info areas fhaf are normally spared regular fidal inun- 
dafions. The reproductive efforf of entire colonies of 
gulls, ferns, and ofher colonial species can be wiped 
ouf by a flooding even! (Fig. 14.3). Tidal marsh birds 
and mammals regularly elevate their nests compared 
to their nontidal marsh relatives. In certain song- 
birds, such as the salt marsh sharp-tailed sparrow 
{Ammodramus caudicutus) (Shriver, 2002), nesting 
resumes rapidly after loss from flooding, which 
allows a nesting cycle fo occur during fhe 29.5 days 



between the two high summer tides that characterize 
New England marshes (Shriver, 2002). 

14.3.2 Salinity Gradients 

Sea water, with its high salt content, presents a poten- 
tial physiological challenge to animals dependent 
on consuming fresh wafer planfs and animals fhaf 
concenfrafe salf in fheir tissues. Adapfafion fo fhe 
saline environmenf is accomplished eifher behav- 
iorally fhrough selecfive use of wafer and prey ifems 
wifh lower salinify or physiologically fhrough fhe 
concenfrafion of saline solufion in fhe kidney or in 
specialized glands (Table 14.3; Fig. 14.4). The need fo 
reduce water loss appears to drive many of fhe adap- 
fafions for esfuarine life, similar fo fhose of animals 
in highly arid environmenfs (Goldsfein, 2006). 
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FIGURE 14.3 Laughing gulls {Larus atricapillus) along with other colonial water birds breed on isolated sandbars or islands to 
reduce predation on nests. These species often minimize the effect of flooding by building on floatable mats of detritus, using 
visible clues of high water for nest placement, having eggs that are resistant to submergence in salt water, rapid nest repair, 
and the ability to gather young that have floated away. Furthermore, colonial waterbirds may be able to renest rapidly and 
move colonies after flood events (Bongiorno, 1970; Burger and Shisler, 1980; Reinert, 2006). 



TABLE 14.3 Adaptations to salinity in estuarine wildlife with examples 



Adaptation 


Example 


Species 


Reference 


Dietary selectivity 


Forage on plants with lower 
salt content 


Meadow vole (Microtus 
pennsylvanica) 


Getz (1966) 




Feed young prey with lower 
salt content 


White ibis (Eudodmus 
albus) 


Bildstein (1993) 


Drink alternative sources 


Dew 


Meadow vole 


Getz (1966) 


of water 




Rain water at estuary surface 


Diamondback terrapin 




Reduce intake of brackish 


Reduce drinking estuary water 


Salt marsh snakes, turtles. 


Dunson and Travis (1994), 


water and reduce loss 




marine mammals 


Ortiz (2001) 


of body water 




Reduce permeability of skin 
and water loss through 
mouth and nostrils 


Salt marsh snakes and 
turtles 


Dunson and Travis (1994) 


Form concentrated saline 


Ability of kidney to 


Most mammals including 


Ortiz (2001), Goldstein 


solutions and expel salt 
from body. 


concentrate salt in urine 


marine mammals and a 
few salt marsh songbirds 
concentrate to 1000 
mosM; Sea otters 
concentrate at much 
higher levels 


(2006) 




Specialized salt glands 


Expelled from mouth 
cavity of sea snakes and 
crocodiles; nares of birds; 
tear ducts of sea turtles 


Schmidt-Nielsen et al. 
(1958), Dunson and 
Travis (1994), Heatwole 
(1999) 


Reduced evaporative 
water loss through 


Bills and legs used to convect 
"dry" heat 


Salt marsh sparrows 


Greenberg et al. 2012 


alternative means of 
heat dissipation and 
internal recycling 




Increased size of respiratory 
turbinates - structures that 
recycle expired water vapor 


Marine mammals 


Van Valkenburgh et al 
2011 
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FIGURE 14.4 Salinity of food and water is a challenge for 
terrestrial species adapting to estuarine conditions. Most 
species use a combination of behavioral and physiological 
traits to reduce the osmotic stress. Small mammals are 
assumed to select less saline plant tissues and rely on the 
ability of their kidneys to conserve water and concentrate 
salt in urine. All mammals show abilihes to concentrate salts 
in urine and the red-bellied harvest mouse {Reithrodontomys 
flaviventris) shown here has been demonstrated to be more 
salt tolerant than non-salt marsh species of harvest mouse 
(Fisler, 1963). 

14.3.3 Coloration 

A variety of salt marsh sparrows, shrews, voles, 
waterfowl, rails, and snakes show grayish and black 
(eumelanins) coloration rather than the buff, ochre, 
and rust (phaeomelanins) coloration of their nonti- 
dal relatives (Grinnell, 1913). This grayer and blacker 
coloration may improve background matching to the 
acid sulfate soils often associated with tidal marsh. 
Many estuarine reptiles and amphibians are darker 
or blacker overall and display brighter markers of 
carotinoid-based pigments, such as yellow and red 
(Neill, 1958). These color patterns may relate to living 
in darker and more turbid waters with the over- 
all dark background color making the animal more 
cryptic and the brighter markings allowing signal 
detection at a longer distance. 



14.3.4 Turbidity 

The often highly turbid water of estuarine shallows is 
an adaptive challenge to many animals. One adaptive 
solution is a shift away from visual to other sensory 
modes, particularly tactile foraging. Such a shift in 
visual ability between surface and submerged forag- 
ing has been described for the American crocodile 
(Fleishman et al., 1988). A number of birds sift or 
plough (see below) with their bills to increase the 
area "searched" tactilely in shallow water or soft 
substrates. 

14.3.5 Social Organization 

The juxtaposition of productive habitats for feed- 
ing (open water, mud flats, tidally inundated 
marshlands) with relatively small areas available 
for reproduction has favored the development of 
aggregated patterns of spatial use. Nesting colonies 
of gulls, terns, and large wading birds are placed on 
small islands, which are relatively free from potential 
predators (Fig. 14.3). During the non-breeding 
season, most estuarine birds and marine mammals 
are found in aggregations or flocks. Many of the 
foraging resources, benthic invertebrates, submerged 
aquatic vegetation, and fish, are patchily distributed 
in a way that is not economically defendable, forcing 
numerous animals to recruit to rich foraging sites 
(Kushlan, 1981). In addition, owing to fluctuations 
in tidal conditions, food concentration varies in time 
and space. 

The presence of birds in flocks and mammals in 
pods reduces the threat of their being depredated and 
improves foraging efficiency. Estuaries are often very 
open and provide little cover. In terms of predation, 
animals in groups are often less vulnerable to predator 
attacks because the predator is more likely to be 
detected (more eyes) and it is more difficult to capture 
an individual that is in a tightly organized group. 
Shorebirds are more likely to be successfully attacked 
by a falcon when alone or in a small group than in a 
larger flock (Page and Whitacre, 1975). 

Foraging efficiency can be increased through the 
use of other animals as sources of information. One 
elegant demonstration of this so-called "information 
h 5 q)othesis" is made by species-specific models of 
egrets and herons on a mudflat in a Panamanian 
estuary (Caldwell, 1981). Several species of heron are 
attracted to the snowy egret {Egretta thula) foraging 
model over all of the others. The snowy egret is 
the most efficient species at locating schools of fish, 
and all herons that join them increase their foraging 
rates. Snowy egrets are able to displace the other 
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FIGURE 14.5 Social foraging is important for estuarine animals. Most often the benefits of group living relate to the reduction 
of predation, but in some cases, such as for bottlenose dolphins (Tursiops truncatus), driving fish onto a muddy bank along 
the southeast coast of the United States (Shane et al., 1986), the successful hunting of mobile group-living prey, such as 
schools of fish, benefits from cooperation. 



herons from the best patches; therefore, by gain- 
ing information on good foraging conditions from 
their subordinates, snowy egrets also benefit from the 
association. 

A number of small cetaceans, pinnipeds, and 
diving birds hunt fish cooperatively, thus getting a 
strong direct benefit from group life (Fig. 14.5). For 
example, large flocks of cormorants form long densely 
packed lines at right angles to their forward move- 
ment (Bartholomew, 1942). This line moves schools 
of fish in front of them and allows individuals to cap- 
ture fish from the school without the fish scattering. 
These large flocks are joined by gulls that hunt the 
concentrated fish from above. 

14.4 FACTORS LIMITING 
AND REGULATING WILDLIFE 
POPULATIONS 



14.4.1 Density-Dependent Processes 

Populations have the potential for exponential 
increase, but are universally limited from realizing 
this indefinitely. Populations can be limited by 
external factors that operate independent of density 
and provide a fixed limit or simply a periodic 
reduction in the population. True regulation occurs 
when fecundity or survival declines in a predictable 



manner with increasing density as an environmental 
carrying capacity is reached. Density-dependent 
regulation can play out over the armual cycle and 
sometimes over large areas. Since most estuarine 
bird populations are migratory and could experi- 
ence limitation or density-dependent regulation at 
different seasons and sites, it is not surprising that 
few sfudies of esfuarine species have developed an 
overall picfure of fhe factors that limit or regulate a 
bird population that uses estuaries only seasonally. 

Black-tailed godwits {Limosa limosa) wintering 
in Great Britain have increased over a period of 
years; populations in esfuaries wifh high food sup- 
ply remained sfable and populations in resource-poor 
estuaries increased. Once settled in the satellite estu- 
aries, godwits were less likely to survive the winter 
than in the core-stable estuaries. This suggests that 
many godwits are forced fo occupy subopfimal win- 
tering sites when the overall density increases. This 
colonization of subopfimal habifaf during population 
increase is referred to as the buffer effect (Gill et al., 
2001). Studies on godwit breeding grounds in Iceland 
(Gurmarsson et al., 2005b) have demonstrated that 
these growing populations expanded into subopti- 
mal birch bogs rather than superior and more stable 
marsh habitats. Thus, this estuarine species experi- 
ences a buffering effect at both ends of ifs migrafion. 
Furfhermore, populafion fracking using sfable iso- 
tope signatures of feafhers molted on the breeding 
grounds (Gurmarsson et al., 2005a) has established 
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that the birds that winter in buffer habifafs were 
likely fhe same as fhose fhaf colonized fhe buffer 
habifaf during fhe breeding season. 

For mosf esfuarine species, we do nof have such 
comprehensive population dafa fo address fhe role of 
esfuaries in long-ferm population trends. However, 
we can examine features of fhe behavior of popula- 
tions fhaf indicafe if compefifion for resources mighf 
be occurring. 

14.4.2 Competition 

Compefifion occurs when individuals have a neg- 
ative impacf on fhe abilify of ofher individuals fo 
gamer resources necessary for survival or reproduc- 
tion. Compefifion can be based purely on fhe abilify of 
one individual fo reduce fhe abundance of resources 
available fo ofhers or can occur when fhe presence of 
individuals inferferes wifh fhe access fo fhe resource. 
A ferriforial animal invesfs ifs energy info obfaining 
access fo space and fhen defends if againsf fhe access 
of ofher individuals. Territorial systems are common 
among esfuarine birds, buf vary considerably in fheir 
sfabilify and fhe nafure of fhe resource in fhe space 
being defended. Some animals, including many song- 
birds in salf marshes and mangrove foresfs, mainfain 
"all-purpose" territories, where all of fhe needs of an 
individual, pair, or family group are mef. Ofher ani- 
mals mainfain ferrifories only for specific purposes. In 
areas where nesting habifaf is much smaller fhan for- 
aging habifaf, birds defend nesfing small ferrifories 
and feed in larger shared feeding areas. This appears 
fo be fhe paffem among cerfain salt marsh sparrows 
(Johnston, 1956; Post and Greenlaw, 1994) that nest in 
densely clustered territories within relatively flood- 
free marsh regions. These forms of nesfing ferrifories 
may be as finy as fhe lengfh of an oufsfrefched bird 
bill, buf are definable among colonially nesfing birds, 
such as gulls and ferns. 

Mosf birds associated wifh mudflaf or aquafic 
habifafs in esfuaries show clumped disfribufions 
around good feeding areas, buf within these aggre- 
gations, it is sometimes possible to find individuals 
(e.g., Tripp and Collazo, 1997) defending feeding fer- 
rifories. In fhis case, fhe benefifs of ferriforialify can be 
measured in ferms of fhe increase in feeding efficiency 
realized when compefifive conspecifics are eliminafed 
or reduced in numbers. The cosf of defense can be 
quife high, and birds lose some of fhe anfipredafory 
advanfages of group life. So fhe presence of feeding 
ferrifory suggesfs fhat food is abundanf enough to 
defend and scarce enough so fhaf if pays fo chase off 
ofher birds. 

Despife fhe imporfance of aggregafions and flock- 
ing, these groups are not without their competitive 



tensions (Kushlan, 1981). For shorebirds, access to 
the best foraging sites is often controlled by dom- 
inant individuals that force subordinafes fo ofher 
areas (Goss-Cusfard, 1980). This eftecf may be den- 
sify dependenf and hence regulates local population 
abundance and fhe impacf of fhaf populafion on ifs 
prey. Dominance is offen associated wifh age or sex, 
which leads fo segregation of habifaf. For example, in 
bar-failed godwifs {Limosa lapponica) wintering in sub- 
fropical areas of Ausfralia, males are found primarily 
in superior seagrass bed habifaf, whereas females 
are more broadly disfribufed on sandy shores and 
seagrass beds (Zharikov and Skillefer, 2002). Among 
highly migrafory species, spafial segregafion offen 
plays ouf over very large areas, resulting in disfincf 
lafifudinal separafion of males and females, yearling 
and older birds (Mafhof ef al., 2007). 

14.4.3 Predation 

The effecf of predafors on esfuarine wildlife popu- 
lations can be seen in sfudies of fhe effecf of rapfors 
on shorebirds. Through fhe sysfemafic observafion 
of diurnal predafors and examination of pellefs 
and remains af favorite perches. Page and Whifacre 
(1975) esfimafed fhaf falcons, hawks, and owls were 
removed from 8 fo 21% of fhe individuals of differenf 
shorebird species in a California coasfal lagoon. 
However, how morfalify due fo predation varied 
wifh densify was nof invesfigafed in fhis sfudy. As 
discussed in Section 14.4.1, only densify-dependenf 
sources of morfalify fend fo confribufe fo populafion 
regulafion. In a more recenf sfudy, if was shown 
fhaf fhe per capifa loss fo Eurasian sparrow hawks 
{Accipiter nisus) occurred af sifes wifh higher densify 
of dunlins {Calidris alpinus) (Whiffield, 2003), suggesf- 
ing a regulatory role for predation in fhis winfering 
shorebird populafion. In addition fo fhe local 
densify, bofh behavior of fhe birds and fhe physical 
environmenf have been shown fo play a role in levels 
of predation. The tidal cycle has been shown fo play a 
large role in fhe success of falcons hunting shorebirds, 
wifh the greatest success occurring immediately after 
peak high tides — when birds are concentrated near 
the shore (Dekker and Ydenberg, 2004). 

14.4.4 Disease 

The incidence of disease and parasifes increases wifh 
populafion densify for fwo reasons: (i) fhe decline 
in condifions and increase in fhe sfress level make 
animals more susceptible fo infection and (ii) frans- 
mission is facilifafed by reduced individual disfances. 
Disease and parasifes fend fo be endemic in popu- 
lations, causing low fo moderafe levels of morfalify. 
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Under these conditions, the role of these factors in 
population regulation is poorly understood. Instead, 
most attention is focused on epidemic diseases (epi- 
zootic) fhaf spread rapidly and cause very high levels 
of mortalify in a shorf period of time. The fendency 
of birds and ofher animals fo aggregate in estuaries 
probably facilitates rapid disease transmission. The 
best-known examples of such disease transmission 
estuarine habitats are reported from birds, and per- 
haps fhe besf sfudied of fhese is avian cholera (Friend, 
1992). In addition fo fhe chronic diseases fhaf have 
been known fo affecf birds for a long time, ornithol- 
ogists have become increasingly aware of emerging 
diseases fhaf may be novel in esfuarine bird popu- 
lafions. The besf-known example is fhe oufbreak of 
H5N1 sfrain of bird flu in poulfry and wild geese in 
Asia; ifs virulence and rapid spread has focused fhe 
affenfion of ornifhologisfs and human healfh scien- 
fisfs alike on avian influenza. This is a novel sfrain 
with unknown and changing properties. However, 
avian influenza was firsf documenfed in fhe early 
1960s (Alexander, 2000), and is likely fo have had a 
long history in bird populations. Mosf sf rains show 
tow levels of pafhogenesis and low frequency of iso- 
lafes in mosf wild bird populafions sfudied. Whaf 
is new is fhe highly virulenf sfrain. Esfuaries may 
play an imporfanf role in fhe spreading of any avian 
influenza because Anseriformes, particularly geese 
and dabbling ducks (Olsen ef al., 2006), and Charadri- 
itormes (gulls, ferns, and wading birds) are found in 
high frequency in fhese. Wesf Nile Virus is anofher 
example of an emerging avian disease, alfhough if 
has nof been shown fo be especially prevalent in estu- 
arine bird populations. The outbreaks of fradifional 
diseases and fhe advent of new sfrains of avian dis- 
ease taken together with the often high densities of 
birds found in the remnant wetlands makes it critical 
to increase research in the field of occurrence and 
spread of pafhogens in esfuarine environmenfs. 



14.5 ECOLOGICAL ROLE 
OF WILDLIFE 



14.5.1 Herbivory 

Terresfrial herbivores. Microfine rodenfs are probably 
the most abundant vertebrate herbivores in estuar- 
ine marsh systems. Voles in the genus Microtus are 
locally common in marshes along both coasts of Norfh 
America. Voles feed primarily on grass sfems along 
well-defined runways in high marsh. The creation 
of runways, which facilifafes fhe movemenf of voles 



fhrough fhe fhick, grassy marsh vegefation, requires 
fhaf voles harvesf fhe enfire above-ground portion 
of fhe planf, which can begin a process of local ero- 
sion. Large herbivores are nofably missing from mosf 
esfuaries, alfhough browsers, such as deer and elk, 
can be found af fhe upper edges of some marsh sys- 
fems. In some regions, deer can also be imporfanf 
in low marshes, sika deer {Cervus nippon), native fo 
Asia buf infroduced in Europe and fhe United Sfafes, 
have been shown fo greafly reduce fhe vegefafive 
cover and increase open areas in Spartina marshes in 
England (Hannaford ef al., 2006), which can resulf 
in an increase in planf diversify af moderate lev- 
els of grazing and a decrease in diversify af high 
levels of grazing. A subspecies of fhe whife-failed 
deer {Odocoileus virginianus mcilhennyi) is assumed 
fo have specialized on salf marshes along fhe Gulf 
Coasf alfhough fhe populafion may have suffered a 
large amounf of genefic infrogression from fhe inland 
whife-failed deer in recenf decades. Large grazing 
animals were probably more common in esfuaries 
until the most recent glaciation when large megafau- 
nal herbivores were eradicated from regions with 
relatively large expanses of tidal marsh (Levin ef al., 
2002 ). 

What we know about the potential impact of 
large grazers on salt marshes is derived from sfudies 
of livestock or feral livesfock animals (Bos ef al., 2002) 
(Eig. 14.6). Predicfably, fhe mosf immediafe effecf of 
livesfock herbivory is fo reduce fhe sfanding crop of 
favored forage planfs leading fo fhe spread of less 
palafable species and weakened zonal patterns of 
vegefafion (Shanholfzer, 1974). 

Aquatic herbivores. Seagrass beds, dominafed by 
eelgrass (Zostera sp.) in temperate regions and tur- 
tle grass (Thalassia) in the tropics and subtropics, 
cover the shallow substrate of esfuaries fhroughouf 
fhe world. Herbivory is generally low on fhese planfs 
compared with other aquatic plants, perhaps due 
to the high content of sfrucfural carbohydrates (cell 
wall maferial) and minerals, as well as fhe presence 
of farmins, flavonoids, and ofher secondary com- 
pounds (Thayer ef al., 1984). Their use by wildlife 
is resfricfed fo a few species: green furfles {Chelonia 
mydas; Eig. 14.7) and species of manatees and dugongs 
in fhe fropics, and ducks, coofs, geese, and swans in 
femperafe regions (Thayer ef al., 1984; Borfolus ef al., 
1998). The birds and furfles function as grazers, crop- 
ping fhe palafable portions of fhe planfs. In confrasf, 
herds of dugong plough frails fhrough seagrass beds, 
digging up fhe planfs from fhe rhizomes and causing 
more extensive, longer-ferm disfurbances. 

In fhe femperafe zone, a number of waferfowl 
species graze on seagrass beds, particularly eelgrass 
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FIGURE 14.6 Feral populations of introduced horses (Equus 
caballus, Furbish and Albano, 1994; Levin et al., 2002) in 
marshes in southeastern United States feed heavily on cord- 
grass {Spartina alterniflora) and can have a locally important 
effect on marsh structure and nutrient cycling. 

and widgeon grass. The most specialized of these is 
the brant {Branta bernida), which concentrates most 
of its fall and winter feeding on these species (Cot- 
tam et al., 1944). The loss of seagrass beds along the 
Atlantic coast of North America and Europe to wast- 
ing disease has caused rapid and marked declines in 
brant populations, from which there has been only 
a partial recovery. Some waterfowl species, such as 
redheads (Aytha americana), have shown local declines 
where seagrass beds have retracted, and others, such 
as the canvasback {Aythya valisineria) have shown a 
dietary shift to invertebrates. The loss of submerged 
aquatic vegetation due to reduced water quality in 
the Chesapeake Bay has led to very large population 
declines in some species or almost complete aban- 
donment of the bay by others. Population increases in 
this region are restricted to grazing geese and swans 
that graze upland habitats (Perry and Deller, 1995), 
although there has been evidence of recovery for 
other species in recent years. 



FIGURE 14.7 The effect of green turtle (Chdonia mydas) her- 
bivory on Caribbean turtle grass beds has been particularly 
well studied. Seagrass comprises close to 90% of the diet 
of green turtles, the only reptile that grazes significantly on 
seagrass. They overcome the low availability of accessible 
nitrogen and other nutrients by cropping close to the base 
of the plant and through their behavior of grazing plots of 
seagrass on a regular cycle, thus maintaining plants at an 
early stage of regrowth. 

The role of herbivory in these systems has 
undoubtedly changed over historic times as the 
populations of large vertebrate herbivores have 
declined, usually due to human exploitation (Jackson 
et al., 2001). For example, in the Caribbean, green 
turtle populations are estimated to have declined 
15- to 30-fold in the Caribbean in the past 300 years 
and dugong populations may be as much as 200 
times smaller than those a century ago. Although 
the declines may not be as dramatic, waterfowl 
populations have decreased in temperate estuaries as 
well. 

Ecological engineers. Ecological engineers are 
species, usually herbivores, whose activities drasti- 
cally change the basic structure and hydrology of 
a habitat. Two examples of ecological engineers in 
estuaries are the muskrat {Ondontra zibethicus) and 
the snow goose {Chen caerulescens). Common in fresh 
or brackish tidal marshes, muskrats reduce the cover 
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FIGURE 1 4.8 Muskrat (Ondontra zibethicus) and den with moat around it. The herbivory and construction activity of muskrats 
greatly changes the topography and hydrology of estuarine marshes and earns it the designation "ecological engineer". 



by dominant vegetation t 5 rpes through herbivory, 
den construction, and charmel formation, which cre- 
ates open water and causes the local topography to 
be hummocky in nature (Fig. 14.8, Errington, 1961). 
Snow goose flocks locally denude areas in sail marsh 
by pulling planfs ouf by fhe rhizomes, which inhibifs 
regrowfh. Long-ferm effecfs can include deplefion of 
soil nufrienfs and erosion, and reducfion of inver- 
febrafe diversify and abundance (Sherfy and Kirk- 
pafrick, 2003). Usually fhe effecf is local and may serve 
fo creafe some habifaf heferogeneify. Wifh rapidly 
increasing goose populafions, fhe damage has been 
more exfensive in some areas. 

14.5.2 Pollination and Seed Dispersal 

Tidal marshes fend fo be dominafed by a few species 
of grasses. Wifh fhe exception of some emergenf 
shrubs and vines af fhe upper edge of marshes, few 
esfuarine planfs produce fleshy fruif fo affracf animal 
dispersers. Saif marsh grasses fend fo produce rel- 
afively small seed crops and seed banks are poorly 
developed (Leek, 1989), fhus affraefing few seed dis- 
persers, so fhe seeds fhaf are produced are fransporfed 
primarily by wafer fhrough fidal movemenf. A num- 
ber of sparrows and small mammals forage seasonally 
on sparfina or rush seeds and, in Ausfralia, fhe rare 
parrofs of fhe genus Neophema winfer in salf marshes 
feeding on fhe seeds of Chenopods (Lo 5 m ef al., 1986). 
Alfhough primarily defrimenfal fo fhe seed crop, fhe 
activities of fhese granivores may dislodge and free 



uneafen seeds info fhe wafer for furfher dispersal. For 
example, Shanholfzer (1974) observed fhaf in areas 
grazed by livestock concenfrafions of seeds could be 
found in fhe wafer resulting from fhe aefivify of fhe 
grazers. 

Animals may also be responsible for longer dis- 
fance dispersal along migration routes. Small num- 
bers of viable seeds can be found on fhe feef, feafhers, 
and fur of animals (Vivian-Smifh ef al., 1994). Even 
fhis small number of seeds fransporfed by migra- 
fory birds provides an opporfunify for long-disfance 
dispersal fhaf is nof offered by wafer fransporf and 
may accounf for some large disjuncf disfribufion paf- 
fems. In confrasf fo femperafe salf marshes, mangrove 
foresfs are inhabifed by bofh frugivorous (seed dis- 
persing) and neefarivorous (pollinafing) species. In 
particular, fhere appear fo be a few hummingbirds or 
sunbirds fhaf specialize on fhis habifaf and feed com- 
monly from fhe flowers of cerfain mangrove species. 

14.5.3 Top-Down Control 
of Invertebrate Populations 

Wifhin esfuaries, fhe greafesf focus has been on 
shorebird predafion on benfhic inverfebrafes, parfly 
because fhe concenfrafion of individuals and species 
in a relafively simple habifaf is such a sfriking phe- 
nomenon. Caged exclosure sfudies have esfablished 
fhaf shorebird predafion can have a large effecf 
on fheir inverfebrafe prey base (Schneider, 1978; 
Schneider and Elarringfon, 1981; Quammen, 1984; 
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Wilson, 1991). The magnitude of the effect varies 
directly with the density of birds and life history 
characteristics of the prey, and indirectly with the 
particular habitat. For example, Quammen (1984) 
found that shorebirds in southern California estuar- 
ies depleted prey (polychaete and oligochaete worms) 
substantially in areas of muddy, but not sandy sub- 
strates. Mercier and McNeil (1994) detected a sig- 
nificant decline in polychaete worms by shorebird 
predation in a Neotropical estuarine lagoon only dur- 
ing fall migration. Some studies (Schneider, 1978; 
Botto et al., 1998) demonstrate that shorebirds differ- 
entially reduce the most common species. However, 
shorebird predation is not currently assumed to have 
a strong effect on infaunal diversity. Shorebirds are 
often size selective, preferring larger size classes of 
certain prey t 5 rpes and differentially preying upon 
the reproductive size classes. Because of this, they 
may have a long-term influence on population pro- 
ductivity. Shifting our focus to deeper water, diving 
ducks can also harvest a substantial (40-90%) por- 
tion of the shellfish from benthic beds (Hamilton, 
2000). The take-home lesson for those carrying out 
studies of the impact of shorebirds and ducks is that 
the affect of birds is highly variable, but under some 
circumstances it is surprisingly large. 

14.6 FORCES OF CHANGE 

14.6.1 Sea Level Rise and Climate Change 

Sea level rise transforms tidal flat to estuary, low 
marsh to tidal flat, and high marsh to low marsh. 
Depending on the shape of the estuary and the nature 
of land use at the upper edge of the marsh, sea level 
rise has resulted in a variable but significant reduction 
in the number of coastal wetlands — with estimates 
of loss ranging from 0.5-1. 5% per year for North 
America (Titus, 1988; Church et al., 2001). Sea level 
rise may bring increased salt water intrusion and 
increases in salinity (Titus, 1988), which may affect 
species adapted to brackish conditions. Changes in 
salinity have occurred historically as well owing to a 
decrease in freshwater flow into the estuary. 

In addition to sea level rise, changes in climate 
could lead to more frequent and / or intense storms 
and is likely to result in increased erosion, flooding 
of low lying areas, intrusion of salt water, wetland 
destruction, and negative impacts on the biology and 
ecology of tidal marsh endemics. On the basis of the 
analysis of current habitat use and response to peri- 
odic flooding events, some specific predictions have 
been made about the short- and long-term effects of 



sea level rise on vertebrate populations (Daniels et al., 
1993; Erwin et al., 2006). For many species, increases 
in shallow water and tidal flat habitats may create 
foraging opportunities. However, species of colonial 
waterbirds that concentrate their breeding efforts on 
salt marsh islands may lose their traditional nest- 
ing sites. Species dependent on low marsh habitats, 
such as seaside sparrows, may see their habitat frag- 
mented as much of it is flooded or transformed into 
tidal flats (Shriver and Gibbs, 2004), and others that 
depend on high marsh may see loss of habitat as well, 
particularly if human development prevents marsh 
migration. In Great Britain, the twite {Carduelis flavi- 
rostris), a small seed-eating finch, is dependent on the 
seeds of salt marsh plants in the winter, particularly in 
the lower marsh zone (Atkinson et al., 2004). A sharp 
decline in twites has been tied to the loss of low 
marsh. Species that nest on sand bars and marshes 
in estuaries occur in a narrow optimum habitat that 
minimizes the threats of flooding and predation. An 
increase in flood incidence may push them to nest in 
areas where predation levels are too high to sustain 
their populations. 

Climate change may also have indirect effects on 
estuarine fauna, particularly for migratory animals 
that inhabit different ecosystems during other periods 
of their life cycle. For example, one of the predicted 
effects of climate change is the drying of wetlands 
in the prairie potholes, sometimes referred to as the 
"duck factory" of North America. This would reduce 
the density and reproductive output for ducks in this 
region (Sorenson et al., 1998), which would lead to 
fewer birds migrating to estuaries. 

14.6.2 Invasive Species 

Estuarine tidal marshes are susceptible to shifts in 
dominant species of vegetation that come with the 
spread of invasive species. Tow salt marsh and adja- 
cent unvegetated mudflats along the coasts of Tasma- 
nia, New Zealand, northern Europe, and continents 
bordering the eastern and western Pacific Ocean are 
being invaded by Spartina species, mostly Spartina 
alterniflora, which often hybridizes with the local 
native species. At the upper edge of marshes along the 
Atlantic Coast of North America, a strain of the com- 
mon reed {Phragmites australis) is spreading into areas 
once dominated by Juncus, Spartina, and Iva shrubs. 
The effect of such invasions on estuarine vertebrates 
is poorly documented, but recent research has shown 
that the invasion of Phragmites favors certain gener- 
alist bird species over tidal marsh specialists (Benoit 
and Askins, 1999). At low densities, Phragmites creates 
habitat heterogeneity within the native marsh vegeta- 
tion, but when it spreads to form large, single-species 
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stands, resources for some marsh nesting species dis- 
appear. The invasive Spartina and Phragmites support 
local increases in marsh wren populations, which may 
further impact endemic sparrows. Recent research in 
San Francisco Bay suggests that Spartina growing on 
formerly unvegetated mudflats may serve as a death 
trap, attracting low nesting sparrows and rails to 
attempt breeding in areas that are prone to flooding 
(Guntenspergen and Nordby, 2006). Mudflat invasion 
by S. alterniflora is also expected to reduce high-quality 
sho rebird habitat in the coming decades. Recent work 
in China, where Spartina is replacing native Phragmites 
marsh, has documented higher bird diversity in the 
native vegetation, reversing the phenomenon from 
eastern North America (Gan et al., 2009). 

Estuarine invertebrate assemblages, the prey base 
for so much estuarine wildlife, are also prone to local 
invasions, many of which are initiated by animals 
transported on ships. Although invasive species now 
comprise up to 90% of the benthic invertebrates in 
some estuaries (Cohen and Carlton, 1995), the impact 
of this faunal shift on vertebrate populations is poorly 
known. Some species, such as one species of iso- 
pod in San Francisco Bay, cause increased erosion 
of tidal marsh areas. Lesser scaup {Aythya ajfinis) in 
San Francisco Bay switched from feeding on native 
Macoma balthica to now locally dominant Potamocor- 
bula amurensis clams, and were able to extract food at 
a higher rate because the introduced species tended 
to be smaller and burrowed more shallowly in the 
sediments (Richman and Loworn, 2004). A more 
long-term impact may be realized as the invasive 
species concentrates greater quantities of contami- 
nants than the native one. 

Wildlife species are frequently introduced from 
one region to another, and some quickly colonize 
tidal marshes. The most globally transported taxa are 
Norway and black rats {Rattus norvegicus and Rat- 
tus rattus) and house mice {Mus musculus). Rats and 
opossums, in particular, may become important nest 
predators where they are introduced. The possibil- 
ity of their transporting novel strains of diseases to 
coastal areas has not been explored. 

14.6.3 Fire 

Marsh vegetation at the fringes of estuaries is subject 
to naturally ignited fires at varying degrees of fre- 
quency depending on climate and weather patterns. 
In North America, for example, the natural fire fre- 
quency is very low in west coast marshes, somewhat 
higher in marshes of the northeast and mid-Atlantic 
regions, and highest in Florida and along the Gulf 
Coast. In some regions, fire is used as a tool for the 



management of wildlife populations. The general the- 
ory is that fire favors the growth of vegetation that is 
preferred forage of target species such as geese and 
other waterfowl populations. Fire releases nutrients 
bound in standing vegetation, and causes a pulse 
in primary productivity. Fire has traditionally been 
used by trappers to augment resources for muskrats 
and to make marshes more accessible. In South Amer- 
ica, fire is commonly used to enhance marsh habitat 
for livestock. Unfortunately, in the short run, the 
removal of vegetation probably makes nesting birds 
and small mammals more vulnerable to predation. In 
one of the few community-level studies, researchers 
in Argentina found that marsh burning favors the 
colonization by a variety of generalist pampas grass- 
land species over the two spartina marsh specialists 
(Isacch et al., 2004). 

14.6.4 Pollution 

One of the largest human impacts on estuaries is the 
increase in nutrients from upstream agricultural and 
other runoff and the indirect effects this has on the 
food resources on which wildlife species depend. The 
role this may play in the depletion of submerged 
aquatic vegetation and the subsequent decline in 
estuarine waterfowl is discussed above. Such pol- 
lution can also cause declines in shellfish beds, which 
support large numbers of diving ducks. Nutrient 
loading, together with increased water temperature, 
has resulted in an increase in harmful algae blooms 
(HAB) including red and brown tides caused by 
dino flagellates (Landsburg, 2002). At high densities, 
these algae produce substantial amount of neurotox- 
ins, which can cause illness or death in wildlife species 
that consume fish that have fed on the affected algae 
or phytoplankton. In past decades, high mortality 
linked to FIABs has been reported for a variety of 
species, including a number of birds, whales, and 
manatees. 

Fluman-introduced chemical contaminants bind 
to sediments in estuaries and some, including methyl 
mercury, selenium, passive diffussion bags (PDBs), 
and trace metals, bioaccumulate up the estuarine 
food chain (Takekawa et al., 2006). Phorbol 12,13- 
dibutyrate (PCB) contamination in coastal Georgia 
marshes was found to be associated with a high fre- 
quency of strand breakage in the DNA of clapper rails 
(Novak et al., 2006; Fig. 14.9). This level of contam- 
ination has ramifications on human health because 
the rails are game species commonly hunted and con- 
sumed by local residents. Mercury contamination, 
for which atmospheric fallout is the primary source, 
can be a particularly severe problem (Takekawa 
et al., 2006), causing acute toxicity in fish, birds, and 



Forces of Change | 375 




FIGURE 14.9 Estuarine ecosystems often suffer from the 
influx of contaminants such as heavy metals or pesticides 
that drain into the systems from urbanized and agricultural 
lands in the often very large watersheds. Many of these 
contaminants bioaccumulate, meaning that they are found 
in animals in increasing concentrations as one moves up 
trophic levels. Clapper rails {Rallus longirostrus) in Georgia 
have been shown to have high levels of PCBs, which lead 
to demonstrable chromosome damage (Novak et al., 2006). 

mammals. High-level exposure damages the central 
nervous system, whereas low-level exposure affects 
reproduction in vertebrates (Wolfe et al., 1998) . Broad- 
spectrum pesticides are often applied to tidal marshes 
for mosquito control. This practice may be exacer- 
bated by the perception that the habitat is a source of 
vectors for emerging diseases, such as the West Nile 
Virus (Takekawa et al., 2006). 

14.6.5 Salt Production and Shrimp Ponds 

Salt marshes and mangroves have been impounded 
for salt production for hundreds of years in many 
estuaries throughout the world, particularly Europe, 
California, and China. These evaporation ponds 
replace the natural vegetation and thus have a direct 
impact on estuarine wildlife. However, in many 
cases, blooms of brine shrimp provide feeding habitat 



for a large number and high diversity of migratory 
shorebirds and waterfowl (Warnock et al., 2002) and 
could be managed to improve their value to these 
bird species. 

Mangrove swamps have also been modified for 
shrimp fishing and low level shrimp aquaculture for 
a long time. Since the early 1980s, however, large 
areas of mangroves, particularly in Asia and Western 
South America, have been impounded for intensive 
shrimp farming and other forms of aquaculture. Fish 
and crab aquaculture has expanded enormously in the 
past few decades along China's estuarine shores at the 
expense of natural mangrove swamp and marshland. 
The impact of this conversion on wildlife has not 
been directly assessed, but it is likely that, although 
the ponds themselves are used by foraging wading 
birds, the bulk of wildlife diversity is eliminated. 

14.6.6 Direct Interactions of Humans 
and Wildlife 

Estuaries have been important locations for human 
settlement since their most recent reformation 
5000-9000 years ago during the early Holocene. 
Estuaries provided a diversity of resources to prea- 
gricultural "hunter -gatherer" societies and were 
often the centers of early settlement on coastlines 
throughout the world (Ames, 1999; Ercolano and 
Carballo, 2005). Abundant shellfish, fish, mammals, 
and birds, in particular, provided a rich, localized 
food source that allowed for the development of 
more sedentary settlements. 

Modem hunting. Subsistence and recreational 
hunting has been conducted in estuarine habitat for 
millermia, but it is unclear what impact such activities 
had on wildlife populations. However, in the eigh- 
teenth and nineteenth centuries, hunting shifted, at 
least in North America, toward market hunting. In 
particular, the invention and increased use of shot- 
guns and other guns that could deliver a large amount 
of munitions in a short period led to the widespread 
depredation of huge numbers of shorebirds and 
waterfowl (Homaday, 1913). Many of these birds 
were sold for food, while others, including egrets and 
herons, were collected to provide plumes for decora- 
tion (e.g., women's hats) led to the widespread loss 
of wading birds. 

By the end of the nineteenth century, large flocks of 
waterbirds present in the earliest days of European set- 
tlement were decimated and some formerly abundant 
species were hunted almost to extinction. During the 
early years of the twentieth century, migratory birds 
received either complete protection (including most 
shorebirds) or the begirmings of scientifically based 
hunting regulation (most waterfowl) . Other wildlife is 
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FIGURE 14.10 Diamondback terrapin (Malaclemys terrapin). 
In addition to being a staple food for coastal families, from 
the nineteenth century, terrapins were exported to exclu- 
sive restaurants as a delicacy. Overexploitation and habitat 
loss caused a large population crash in the early twenti- 
eth century and gradually terrapin meat fell out of favor. 
Terrapin populations recover slowly from declines and still 
suffer from habitat degradation and from loss due fo being a 
by-catch for fisheries and crabbing operations. A few states 
in the United States allow large-scale exportation to Asian 
markets. Therefore, some populations remain threatened to 
this day. 

hunted or trapped in estuaries throughout the world, 
including fur-bearing mammals, small cetaceans, tur- 
tles, and turtle eggs (Fig. 14.10). 

Humans and wildlife have competed for the same 
food resources in estuaries since their reformation 
7-10,000 years before present (ybp). However, only 
very recently have any studies been conducted to 
examine the impact of human fishing and gather- 
ing activities on resources that support local wildlife. 
Semipalmated sandpipers {Calidris pusilla) congregate 
in the Bay of Fundy to feed on abundant amphipod 
prey, but this sandpiper has declined dramatically 
because of a local industry of digging and collecting 
worms for fish bait from fhe bay's mudflafs (Shepherd 
and Boafes, 1999). Similar exfracfive acfivifies are 



particularly common in Asian marshes. A furfher 
example can be found in fhe decline in horseshoe 
crab {Limulus polyphemus) eggs, as fhey are used as 
food by migrafory shorebirds, fhe adulfs are cap- 
fured and used as half in fhe eel and whelk fisheries, 
and a producf is also exfracfed from fhem for fhe 
pharmaceufical indusfry. Oufside of birds, fhe degree 
of compefifion for declining populations of migra- 
fory salmon between sea lions and humans remains 
controversial. 

Competition between humans and wildlife: 
A broad perspective. The compefifion befween 
wildlife and humans for esfuarine resources involves 
far more fhan inferacfions over specific food 
resources. Throughouf fhe world, esfuaries are 
prime locations for fhe growfh of human cities. 
Urban and suburban developmenf is responsible 
for fhe conversion of considerable weflands and 
beachfronf habifaf fhaf provide critical habifaf for 
esfuarine wildlife. Even in areas fhaf have nof 
direcfly been developed for human habifaf or 
occupancy, associafed developmenf (airporfs, refuge 
disposal sifes, and recreational areas) are offen 
locafed along fhe shoreline of esfuaries. Burfon ef al. 
(2002) demonsfrafed fhaf, even where appropriafe 
mudflaf habifaf was presenf, differenf species of 
shorebirds occurred in reduced abundance in fhe 
face of local urban developmenf, fhe presence of 
roads and railroad lines, and even nearby foofpafhs. 
Shipping and recreational boating acfivifies furfher 
reduce fhe areas of open wafer where wildlife can 
avoid direcf human disfurbance. Animals fhaf need 
undisfurbed sandspifs for nesting or calfing are 
particularly vulnerable, and colonies and rookeries 
have been displaced fo fhe few remaining profecfed 
shorelines. For example, in coasfal Virginia, where 
mosf of fhe barrier islands are profecfed, more fhan 
80% of fhe coasfal-breeding gulls and ferns were 
found on nafural barrier island beaches (Erwin, 1980). 
However, in New Jersey, wifh only 25% profecfed 
beach fronf, almosf all of fhe gulls and ferns were 
forced fo nesf on dredging and in salf marsh where 
fhey suffered from compefifion from fhe dominanf 
herring gulls {Larus argentatus). The effecfs of human 
presence can be af fhe level of fhe landscape. DeLuca 
ef al. (2004) developed an ecological infegrify index 
of for salf marsh birds based on fhe number and f 5 rpes 
of birds presenf. When comparing differenf marshes 
embedded in disfincf landscapes, fhey found fhaf 
fhe diversify of birds, parficularly specialized marsh 
birds, was greafly reduced by relatively low levels of 
nearby urban/ suburban developmenf. 

Eew of fhe world's esfuaries and none of fhe major 
esfuaries are free from fhe pervasive effecfs of human 
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settlement. The restoration of modern estuaries to past 
conditions is impossible. However, even the most 
heavily impacted of esfuaries supporf a surprising 
abundance and diversify of wildlife species. If is 
imperative fhaf esfuarine ecologisfs confinue fo sfudy 
fhe responses of wildlife fo anfhropenic change fo 
develop scientifically sound sfrafegies for wildlife 
conservafion. In fhis way, despife fhe compefifion for 
every resource fhaf supporfs esfuarine ecosysfems, 
healthy populations of people and wildlife will be 
able fo coexisf in fhe disfanf fufure. 



14.7 CONCLUSIONS 



In fhe face of a dizzying array of defails fhaf come 
from ecological studies of wildlife in esfuaries, if is 
useful fo unfocus our gaze and fry to summarize 
major ecological characteristics of esfuarine wildlife. 
Here, in a few numbered bullefs, are a few grand 
themes that have emerged from decades of research 
on esfuarine sysfems: 

1. The esfuarine fauna, while showing moderafe 
levels of species diversify, display an enormous 
range of functional diversify. The range of 
foraging-relafed morphological adapfafions and 
body size is equaled in only a few ecosysfems. 

2. Although relatively low in endemic taxa, estu- 
aries have probably played a key role in major 
macroevolutionary events that involve invasion 
of fhe marine environmenf from terresfrial, palus- 
frine, or lacusfrine habifafs and vice versa. 

3. Esfuaries offen support high levels of abundance 
of wildlife species locally and seasonally. How- 
ever, the abundance we observe today is probably 
a small fraction of whaf could be found histori- 
cally before human populafion densify increased 
around esfuaries and throughouf fheir water- 
sheds. 

4. Migrafion and seasonal use characterize mosf 
wildlife species use of esfuaries. 

5. Colonialify or breeding sysfems fhat approach 
colonialify are particularly prevalent because rich 
feeding areas in esfuaries are offen spafially sep- 
arafed from breeding areas fhat are safe from 
flooding and predafors. 

6. Flocking and ofher forms of aggregafed disfribu- 
fions are also characteristic of bofh aquafic and 
terresfrial species in esfuaries. 

7. Food resource use by wildlife species is focused 
on fish in fhe deeper embaymenfs, fish and 



shellfish in moderafe fo shallow wafers, sea- 
grass and ofher submerged aquatic vegetation 
in the shallowest waters, benthic invertebrates 
on mudflats, invertebrates, and terrestrial vege- 
tation in the fringing marshes and mangroves. 
All of fhese have proven sensifive fo changes in 
land use and chemical inpuf in and around fhe 
esfuaries. 

8. Direcf herbivory rates are often low, with much of 
fhe energy and biomass consumed by verfebrafes 
fhrough a defritivore food chain. 

9. Vegefation is offen simple in sfrucfure, domi- 
nafed by a few species, and organized in a 
zonal pattern of disfribufion. Where fhe activ- 
ity of animals, flooding, fire, and ofher modes of 
disfurbance disrupf these areas of single species 
dominance, fhe diversify of animal species offen 
increases, buf at the expense of specialisfs. Some 
componenfs of esfuarine sysfems seem fo be very 
prone fo shifts in dominance from native to inva- 
sive species and the impact of fhis on wildlife is 
poorly known. 

10. Esfuaries have been fhe focus of human acfiv- 
ify, probably for tens of fhousands of years. 
Wildlife and humans have been and confinue 
fo be in direcf compefifion for fhe abundant 
food resources found in esfuarine wafers. Human 
activities associated wifh developmenf in the 
watershed of esfuaries and fhe use of esfuaries 
for shipping and ofher economic acfivifies con- 
finue fo fhreafen the wildlife populations and fhe 
esfuarine resources fhey depend on. 
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FIFTEEN 



t ECOSYSTEM METABOLISM 



Jeremy M. Testa, W. Michael Kemp, Charles S. Hopkinson Jr., and 
Stephen V. Smith 



15.1 INTRODUCTION 



The metabolism of coastal ecosystems provides an 
integrated measure of the d 5 mamic changes in eco- 
logical processes, including food web interactions 
among organisms and biogeochemical cycling of ele- 
ments (Odum, 1967). Spatial and temporal variations 
in these processes, which are constrained and driven 
by environmental conditions, are thus reflected in the 
overall production and respiration of the ecosystem 
(Hopkinson and Vallino, 1995; Gazeau et al., 2005c). 
Associated with feeding, growth, and death of each 
organism are physiological processes that involve the 
formation and utilization of organic matter. Anabolic 
processes use external energy to S 5 mthesize new 
organic matter, and catabolic processes derive bio- 
chemical energy from decomposition of these organic 
molecules. Together, these physiological processes 
comprise the integrated metabolism of each organ- 
ism. Coastal ecosystem metabolism can be measured 
as the summation of anabolic and catabolic rates 
of all organisms in the system (Kemp et al., 1997). 
Metabolic rates can be inferred from measurements 
of temporal trends and/or spatial gradients in key 
dissolved metabolites (e.g., oxygen (O 2 ), carbon diox- 
ide, ammonium, nitrate, and phosphate) and from 
measurements of fluxes across ecosystem boundaries 
(Lee, 2001; Caffrey, 2004). 

Coastal ecosystem metabolic rates provide a 
broad measure of the ecological condition of a system 



in terms of its overall rates of biogeochemical trans- 
formation and its interactions with adjacent ecosys- 
tems (Heath, 1995). The net production (i.e., 
production minus consumption) of organic matter in 
an ecosystem not only represents a measure of the 
system's balance and coupling between anabolic and 
catabolic processes but also reflects the import and 
export of biologically important substances. Organic 
matter production in a coastal ecosystem derives 
from light-driven photosynthesis of all plants, such 
as phytoplankton, benthic micro- and macroalgae, 
emergent wetland, and submersed vascular plants 
(seagrass), as well as from chemoautotrophic 
production (e.g., nitrification, sulfide oxidation) 
driven by the chemical energy of reduced ions. 
Metabolic consumption of organic matter in a coastal 
ecosystem is the sum of its respiratory processes, 
which come in a variety of forms including (i) aerobic 
respiration (characteristic of most higher organisms 
and some microbes), a process in which O 2 is the 
terminal electron acceptor; (ii) anaerobic respiration 
(characteristic of many bacteria and archea), a 
process in which alternative oxidants such as nitrate, 
sulfate, iron, manganese, and carbon dioxide are the 
terminal electron acceptors; and (iii) fermentative 
reactions, a process in which units of cleaved organic 
molecules serve as both oxidants and reductants 
of these redox reactions (Heip et al., 1995). Net 
organic matter production is also influenced by the 
balance between import and export of organic matter 
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from adjacent ecosystems (e.g., animal migrations 
included) because substantial inputs or outputs 
of labile organic matter can influence ecosystem 
respiration. 

The methods used to measure ecosystem 
metabolism have developed substantially over the 
past century. Dissolved O 2 concentrations were 
widely used since the early twentieth century in 
bottle or chamber experiments to estimate metabolic 
processes in aquatic systems (e.g., Gaarder and 
Gran, 1927). This was because the release of O 2 
during photos 5 mthesis and uptake during aerobic 
respiration allows one to trace these processes with 
O 2 , which can be measured with low cost and effort. 
Building upon approaches used in studies of coral 
reefs (e.g., Sargent and Austin, 1949), daily variations 
in O 2 concentrations of the water column at two 
stations in flowing waters were used to estimate 
ecosystem photos 5 mthesis and respiration (Odum 
and Odum, 1955; Odum, 1956; Odum and Hoskin, 
1958); a one-station method can also be applied in 
bays and estuaries (Caffrey, 2004). 

Similar approaches were developed to measure 
carbon metabolism using daily variations in total 
carbon dioxide (TGO 2 ) concentrations (Ziegler and 
Bermer, 1998) because TCO 2 changes capture both 
aerobic and anaerobic metabolism. Monitoring of the 
inorganic carbon system is especially useful in sys- 
tems dominated by reef-forming organisms, where 
both organic matter processing and calcification can 
be quantified. Increasingly affordable and reliable 
sensors and instruments allowed this approach (both 
O 2 and TGO 2 ) to be used widely since the 1970s in 
varied coastal ecosystems, including shallow coastal 
bays (Caffrey, 2004), coral reefs (Odum and Odum, 
1955), and seagrass beds (D'Avanzo et al., 1996; 
Gazeau et al., 2005b). Using modeling and bud- 
get analyses of inorganic nutrients and organic car- 
bon, a series of related methodologies evolved for 
estimating net ecosystem metabolism for virtually 
any estuarine ecosystem (Smith, 1991; Testa and 
Kemp, 2008). More recently, continuous measure- 
ments of air-sea CO 2 exchange were achieved in 
diverse coastal environments (Gattuso et al., 1999), as 
well as the application of several approaches using 
various oxygen isotopes (Sarma et al., 2005; Tobias 
et al., 2007). 

Research over the past half century demonstrated 
a range of applications of ecosystem metabolic rate 
measurements for a diversity of coastal ecosystems, 
many of which provide insight into the controls on 
metabolism. In general, rates of ecosystem produc- 
tion of organic matter are stimulated by increases 



in sunlight (also water clarity) and inorganic nutri- 
ent concentrations, causing ecosystem production to 
be sensitive to external nutrient inputs. In contrast, 
ecosystem respiration tends to be enhanced by higher 
levels of both water temperatures and labile organic 
substrates (Pomeroy and Wiebe, 2001); thus to some 
degree, organic matter production and consumption 
are controlled by different external forces. Net ecosys- 
tem production in shallow, clear waters tends to be 
higher if benthic plants that maintain large aggre- 
gations of plant biomass dominate; however, this 
is not true of coral reef ecosystems because ecosys- 
tem production and respiration tend to be in balance 
(Smith and Gattuso, 2009). Metabolic rates are gen- 
erally depressed by toxic compounds from natural 
or human sources; however, anthropogenic contam- 
inants (e.g., herbicides, fungicides, and insecticides) 
exert different effects on plants, microbes, and ani- 
mals and thus shift the balance between ecosystem 
production and respiration (Wiegner et al., 2003). 
Measurements of ecosystem metabolism provide the 
quantitative information needed to balance food web 
models (Green et al., 2006) and to partition bio- 
geochemical processes among various aerobic and 
anaerobic pathways (e.g., Hopkinson et al., 1999). 
Ecosystem production- respiration imbalances over 
time and across space provide an understanding of 
the timing and location of surplus organic matter 
production, which may support the development of 
h 5 q)oxic and anoxic zones in coastal waters (Kemp 
and Bo 5 mton, 1992). 

The overall aim of this chapter is to provide an 
introduction and overview of the concepts, methods, 
and ecological relevance of organic matter production 
and respiration in estuarine and coastal ecosystems, 
with an emphasis on temperate latitudes. We also 
refer the reader to several excellent reviews of ecolog- 
ical or biogeochemical aspects of coastal ecosystem 
metabolism and the future challenges for the field, 
including Smith and Hollibaugh (1993); Heip et al. 
(1995); Gattuso et al. (1998); Smith et al. (2005), 
and Staehr et al. (2011). In this chapter, we not 
only summarize these reviews but also extend them 
by (i) describing spatial and temporal variations in 
ecosystem metabolic rates and thus the important 
driving variables, (ii) describing various aspects of 
ecosystem metabolism in four case study ecosystems, 
(iii) summarize studies of cross-system comparisons, 
and (iv) discuss future research problems associated 
with measurements of aquatic ecosystem metabolism. 
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15.2 BASIC DEFINITIONS AND 
CONCEPTS 



There are many terms commonly used to describe 
measured or computed rates of ecosystem-level pri- 
mary production and respiration. Chamber incuba- 
tions (in light and dark) and open-water observations 
of diel variafions in mefabolife concenfrafions (e.g., 
O 2 , TCO 2 ) measure, during fhe daylighf, rafes of 
apparent net daytime production {P^, per hour), which 
is generally assumed fo be fhe difference befween 
gross primary production (P^) and respiration (R) dur- 
ing the day. Changes in metabolite concentrations 
observed in dark incubations are often assumed to be 
the same as those observed in situ at night, and these 
are referred fo as nighttime (or dark) respiration rates 
{R^, per hour). Changes in TCO 2 musf be correcfed 
for fhe confribufion of CaC 03 precipifafion and dis- 
solufion in coral reef and ofher calcifying sysfems. If if 
is assumed fhaf nightfime respirafion rafes are equal 
fo daytime rafes, fhey can be exfrapolated fo esfimafe 
24-h respirafion rafes {R, per day). Gross primary pro- 
duction (Tg), which is defined as fhe fofal aufofrophic 
production of organic carbon via fixafion of TCO 2 , is 
exfremely difficulf fo measure direcfly (Sarma ef al., 
2005). In principle, Pg includes bofh phofosynfhefic 
and chemoaufofrophic production of organic matter; 
however, fhe laffer rafes are generally assumed fo 
represenf a small confribufion for mosf coasfal eco- 
sysfems. Neverfheless, fhe operafional definifion of 
gross primary production, or gross photosynthesis, (Pg, 
per day) is assumed fo be equal fo a*P^ + (24 — 
O') X P„, where a is fhe number of hours of day- 
light (dawn to dusk) in the full 24-h day. Box 15.1 
provides fhe definition of various ferms used in fhe 
liferature fo describe fhe componenfs of ecosysfem 
mefabolism. Many such terms are linked specifically 
fo a particular method, while others are specific fo 
parficular componenfs of fhe ecosysfem (e.g., wafer 
column). Ofher ferms include nef communify produc- 
tion (NCP), which is fhe nef organic maffer production 
of an ecosysfem compartment (e.g., plankton, ben- 
thos), and gross oxygen production (GOP), which is 
the measurement of gross phofos 5 mfhesis from fhe 
friple isotope mefhod. 

Mefabolic rafes (e.g., P^ or R^) are often esfimafed 
by measuring changes in any reacfanf or mefabolife 
involved in primary producfion and respirafion of 
organic maffer. For example, because O 2 is a producf 
of phofos 5 mfhesis, fhe quanfifafive increase in O 2 con- 
cenfrafions in a boffle over a given fime represenfs a 
nef phofos 5 mfhefic rafe for fhe planfs wifhin fhe boffle. 
Measuremenfs made using changes in concenfrafions 



of O 2 or TCO 2 can be converfed befween O 2 and car- 
bon rafes using an assumed or measured phofos 5 m- 
fhefic quofienf (i.e., fhe rafio of O 2 produced/TC 02 
fixed, ranging from PQ = 1. 0-1.5; Box 15.1) and res- 
pirafory quofienf (RQ = 1-1.3 for aerobic conditions, 
which is fhe rafio of TCO 2 released / O 2 consumed in 
respiratory processes (e.g., del Giorgio and Williams, 
2005). Similar fixed sfoichiomefry for inorganic nufri- 
enfs and ofher elemenfs (N, P, S, Fe) and mefabolic 
gases (O 2 , TGO 2 ) are often assumed for ecosysfem 
mefabolism mefhods based on mass-balance calcu- 
lations of fhe nufrienfs at large time/ space scales 
(Smith, 1991; Testa and Kemp, 2008) or measurements 
of anaerobic mefabolism (Kemp ef al., 1997). Ofher 
mefhods are available for measuring mefabolic rafes 
of ecosysfem componenfs (e.g., plankton or benthos) 
using isotopically labeled reactants or metabolites, 
including T^'^C02, ^® 02 , or (Peterson, 1980; 

Gazeau et al., 2007). Following calls to better under- 
stand the contributions of parficular organisms fo 
ecosysfem mefabolism, fhere has been inferesf in 
partitioning ecosysfem respirafion befween fhe pho- 
fos 5 mfhefic organisms (i.e., fhe autotrophs) and fhe 
nonphofos 5 mfhefic (i.e., heterotrophic) organisms (e.g., 
bacferia, zooplankton). Gonsfrainfs in mefhodology 
have, however, limited fhe abilify fo make fhese 
disfincfions. 

Ecosysfem mefabolism sfudies are implicifly 
concerned wifh organic carbon balance, buf mefabolic 
properfies are generally measured by fracing fhe 
upfake and producfion of inorganic carbon or 
dissolved oxygen. In mosf cases, especially under 
aerobic condifions and when CaC 03 precipifa- 
fion/ dissolution is trivial, inorganic-carbon and 
oxygen-based measurements of primary producfion 
and respirafion are equivalenf (Gazeau ef al., 2007) 
or can be converted using relatively consistent 
quantitative conversion factors (PQ and RQ). How- 
ever, under anaerobic (no oxygen) conditions, a 
suite of alfemative elecfron acceptors may be used 
in fhe decomposifion of organic maffer (Froelich 
ef al., 1979), including, buf nof resfricfed fo, nifrate 
(NQ 3 ), oxidized forms of iron and manganese, 
and sulfate (SQ^^). These reactions generate CQ 2 
but do not consume oxygen directly, and as a 
result, Q 2 measurements cannot be used to measure 
these respiratory processes. One particular reaction 
of inferesf is denifrificafion, a process in which 
nifrafe is used as fhe terminal elecfron accepfor. 
This anaerobic process converfs NQ 3 , which is a 
bioavailable inorganic nifrogen ion, info N 2 , a gas 
fhaf escapes info fhe afmosphere (Seifzinger, 1988), 
resulting in fhe loss of fixed nifrogen from aquafic 
ecosysfems. This process does, however, generate 



384 I CHAPTER FIFTEEN Ecosystem Metabolism 



phosphate during organic matter decomposition, 
thereby altering DIN/ DIP (dissolved inorganic 
nitrogen/ dissolved inorganic phosphorus) ratios, 
which may influence primary production or algal 
speciation. Sulfate reduction, a process in which 
is used as the terminal electron acceptor, is also 
of imporfance because bottom wafers and deeper 
sedimenfs in some esfuaries are commonly devoid 
of O 2 , yef rich in SO^^, making sulfafe reducfion 
the major respiratory reaction during some seasons 
(Marvin-DiPasquale and Capone, 1998). 

Other measures of mefabolic rafes are used as 
indices of fhe balance between phofos 5 mfhesis and 
respiration of organic maffer for enfire communi- 
fies and even ecosysfems. These indices include fhe 
nef organic maffer producfion by fhe ecosysfem, or 
net ecosystem production (per day), — {aPJ — {PRn), 
where is fhe number of hours of darkness (dusk 
fo dawn) in a full day (Box 15.1). Positive values of 
Pj, indicafe a nef surplus of organic maffer and are 
referred fo as net autotrophic condifions, while nega- 
tive P„ values indicafe a nef deficif of organic maffer 
and are called net heterotrophic condifions. This pro- 
ducfion/ respiration balance can also be indexed by 
the ratio of fhe fwo measured rafes; fhese "P/fl ratios" 
can be expressed as (P^/R^), (Pg — R), or (aP^) — 
iPR^)- For convenience, in this chapter, we will use 
P/R to indicate the general ratio of Pg and R unless 
ofherwise specified. This concepf of mefabolic bal- 
ance has a long history in coasfal and marine science, 
including an emphasis on the related /-ratio (ratio of 
phytoplankton production fueled by "new" exfemal 
nufrienf (e.g., NO/) inpufs fo fhaf fueled by infer- 
nally "recycled" nitrogen (e.g., NH/) generated from 
planktonic respiration (Quinones and Platt, 1991). 



Ecosystem metabolism represents the net effect of 
bofh physical and biological processes fhaf confribufe 
fo organic carbon balance in coasfal aquatic ecosys- 
tems. Ecosystem metabolism measurements quantify 
fhe "frophic sfafus" of aquatic ecosysfems, measured 
as bofh fhe mefabolic richness and balance. Values 
of Pg and R reflecf a system's richness in terms of 
nufrient and organic carbon pools, respectively. Alter- 
natively, P/R and Pj, reflect a system's status with 
respect to steady state balance between anabolic and 
catabolic processes (Odum, 1956), indicating a sys- 
tem's tendency to import or export organic material. 
Trends in armual indices of ecosysfem mefabolism 
follow changes in anfhropogenic nufrienf inpufs and 
ofher indices of frophic sfafe for mesocosms (Ovi- 
aff ef al., 1986) and esfuaries (Tesfa ef al., 2008) 
because increased aufofrophy is associated wifh ele- 
vated nufrienf levels. Ecosysfem mefabolism in esfu- 
aries also reflecfs regional patterns of frophic sfafus 
fhaf fend fo vary along fhe salinify continuum (Heath, 
1995; Gamier and Billen, 2007), which is analogous 
to and functionally associated with concepts from 
river and sfream ecology, including fhe river contin- 
uum concepf (RCC, Varmofe ef al., 1980) and nufrienf 
spiraling (Newbold ef al., 1981). 

Simple diagrams of ecosysfem Pg versus R can 
be used in comparafive analysis of frophic sfafus 
(Pig. 15.1; Odum, 1956). Along fhe P^ — R diagonal 
line, fhe system's mefabolic sfafe ranges from low 
rafes in sysfems referred fo as oligotrophic (wifh low 
nufrienfs and organic carbon) fo high rafes in sys- 
fems called eutrophic (wifh high nufrienfs/organic 
carbon; Pig. 15.1). Above fhe diagonal line, ecosysfem 
mefabolism is nef aufofrophic, and below fhe line, 
sysfems are nef heferofrophic. Changes in trophic 



BOX 15.1 Definitions and measures of ecosystem metabolism 


For autotrophic communities only: 




Autotroph 

Gross primary production (Pg,,) 
Respiration (Pg,,) 

Net primary production (Pg,,) 


= plant or protists that produces organic matter from CO2 
= total photosynthesis in a plant or group of autotrophic organisms 
= respiration of autotrophic organisms 

= Pg,, - Pg,, = net organic matter production by autotrophic organisms 


For ecosystem metabolic rates: 




Net daytime production (Pg) 
Nighttime respiration {R„) 
Gross primary production (Pg) 
Ecosystem respiration (P) 

Net ecosystem production (P„) 


= net organic matter production by an ecosystem during sunlit hours 
= respiration of an ecosystem during night hours 

= total amount of photosynthesis in an ecosystem (often assumed = Pg + Pp) 

= total amount of respiration in an ecosystem 

= Pg - P = Pg - Pp = net organic matter production of all ecosystem components 


Key ratios: 




P/R ratio 

Photosynthetic quotient (PQ) 
respiratory quotient (RQ) 


= ratio of photosynthesis to respiration 
= ratio of O2 produced/C02 consumed in photosynthesis 
= ratio of CO2 produced/02 consumed in respiration 
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FIGURE 15.1 Regression of ecosystem respiration and ecosystem gross primary production across many types of aquatic 
ecosystems. Gross production and respiration tend to be balanced across many ecosystems types, including estuaries, 
but note that some ecosystems deviate from the 1:1 line substantially. Metabolic rates collected from various literature 
sources: nonestuarine systems (Odum, 1956), estuaries (Randall and Day, 1987; Day et al., 1988; Flores- Verdugo et al., 1988; 
Teague et al., 1988; Twilley, 1988; Hoppema, 1991; Heath, 1995), MERL nutrient enrichment experiment (Oviatt et al., 1986), 
blackwater river (Caffrey, 2004), shallow, eutrophic lagoon (D'Avanzo et al., 1996). Source: Based on Figure 8 in Odum (1956). 



state along the diagonal represent changes in produc- 
tivity, respiration, or general stimulation of metabolic 
processing, either via stimulation with additions of 
limiting inorganic nutrients or labile organic material 
(Fig. 15.1). Changes in state that are perpendicu- 
lar to the diagonal reflect metabolic imbalances, for 
example, Pg greater than R in eutrophic, benthic- 
dominated ecosystems or beginning algal cultures, 
where ample light and nutrients generate short-term 
organic matter surpluses (Fig. 15.1). Conversely, R 
greater than Pg in rivers receiving high amounts 
of anthropogenic organic matter (e.g., blackwater 
rivers), where photosynthesis is highly light lim- 
ited and respiration is fueled by high organic matter 
inputs (Fig. 15.1). In other rivers, upstream heterotro- 
phy near the organic matter injection point often gives 
way to autotrophy in downstream waters, where 
there is less organic matter, abundant nutrients, and 
often clearer water (Fig. 15.1). At large time and space 
scales, ecosystem Pg and R tend to move toward a 
balanced condition (P/P = 1) because primary pro- 
duction yields organic matter that fuels respiration, 
while respiration releases inorganic nutrients that 



stimulate production (Fig. 15.1). Consequently, Pg 
and R can fall out of balance over shorter time peri- 
ods, with pulsed inputs of Pg-stimulating nutrients 
or P-stimulating labile organic material. 

15.3 MEASURING ECOSYSTEM 
METABOLISM 



The methods used to measure or calculate metabolic 
rates in coastal ecosystems span a range of spatial 
and temporal scales from liters and minutes for con- 
tainer incubations to cubic kilometers and multiple 
years for computations from whole system mass bal- 
ances. Small-scale rate measurements tend to be more 
controlled and precise but more difficult to extrap- 
olate to annual or interannual periods over entire 
ecosystems. In contrast, large-scale rates estimated 
from aggregated models and mass balances, while 
appropriate for the scales of whole ecosystems, are 
generally difficult to interpret for controlling factors 
and contributions from constituent habitats or func- 
tional groups. In this section, we briefly review the 
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BOD bottles 






Sample water Incubated In light or dark 



Control 

"(samples fixed immediately 
for O2 measurement) 




Dark incubation 
for respiration 






Light incubation 
for photosynthesis 



V 



Control O2 - incubated O2 = Sample fixed after 
respiration rate (mg 02/l/hr) incubation 



Incubated O2- 
control 02 = 
photosynthesis 
▼ rate (mg 02/l/hr) 




FIGURE 15.2 Measuring planktonic metabolism. 



range of techniques that are used to estimate primary 
production and respiration for estuarine and coastal 
ecosystems and compare and contrast the scales, 
advantages, and disadvantages of each method. 

15.3.1 Container Incubations 

Perhaps the most common method to measure photo- 
S 5 mthesis and respiration rates in aquatic ecosystems 
is by monitoring temporal changes in concentrations 
of key metabolites (O 2 , TCO 2 , particulate organic car- 
bon (POC), inorganic nutrients) in enclosed chambers. 
Current technologies allow for precise measurements 
of metabolite concentrations and associated detection 
of low metabolic rates, including O 2 concentrations 
(Kana et al., 1994; Glazer et al., 2004) and TCO 2 
and PCO 2 (Borges et al., 2004). Changes in O 2 or 
TCO 2 measured in bottles of sample water incu- 
bated at different light levels are used to infer rates 
of apparent daytime primary production and res- 
piration (Gaarder and Gran, 1927; Gazeau et al., 
2005a; del Giorgio and Williams, 2005). Figure 15.2 



shows a schematic illustration, where dissolved oxy- 
gen (O 2 ) changes in bottle incubations are used to 
measure plankton community production and respi- 
ration. Water samples are collected and transferred 
to clear glass bottles (often called BOD bottles and 
usually 60, 125, or 300 ml in volume). For each depth 
and station, replicate bottles are "fixed" immediately, 
and the dissolved O 2 in the bottle is converted into a 
solid compound via the Winkler titration (Fig. 15.2). 
These bottles will provide the initial O 2 concentration. 
Another set of bottles will be incubated in the dark 
for 2-24 h, after which O 2 is measured. The differ- 
ence in O 2 between the mean of the dark-incubated 
bottles and that of the initial bottles will equal the 
plankton community respiration rate. Other tripli- 
cate sets of bottles will be incubated in a rotating 
carousel at various light levels for 2-24 h. Light level 
is usually reduced by wrapping the bottles in porous 
wire sheaths. The difference in O 2 between the light- 
incubated bottles and the initial bottles is equivalent 
to the net primary production rate (=Tg — R). Dif- 
ferences in P^ — R under different light levels are 
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coupled to water column light availability measure- 
ments to quantify depth-integrated Pg — R. Required 
durations of boffle incubafions are inversely relafed 
fo bofh fhe expecfed ambienf rafes and fhe precision 
of measuremenf mefhods. 

Rates of phyfoplankfon phofos 5 mfhesis are also 
commonly measured via upfake of ^^C-labelled bicar- 
bonafe, and fhe fwo measures fend fo be highly 
correlafed, wifh rafes measured by upfake being 
generally infermediafe befween rafes of and Pg 
measured wifh O 2 and TCO 2 incubafions (Peferson, 
1980; Williams, 1993). Areal rafes of benfhic com- 
munity respiration and photos 5 mthesis, which are 
generally measured in opaque or transparent (respec- 
tively) intact sediment cores removed for confrolled 
incubafion or in situ chambers inserfed info ambienf 
sedimenfs, usually include a shorf (e.g., 5-25 cm) 
overlying wafer column fhaf is sampled in a fime 
series over fhe incubafion period (Hopkinson and 
Smifh, 2005; Sundback ef al., 2006). Measuremenfs 
of plankton P^ and R^ made in relafively large 
and deep coasfal sysfems can be used fo approxi- 
mafe fofal ecosystem mefabolism. In shallower sys- 
fems, however, verfically infegrafed rafes of plank- 
ton and benfhic communify mefabolism (measured 
in chambers) are somefimes combined fo esfimafe 
whole-ecosysfem rafes of Pg and (Kemp ef al., 
1997; Gazeau ef al., 2005a). Measuremenfs of varia- 
fions in of O 2 during boffle incubations have 
been used with mixed success to estimate Pg in 
plankton communities (Bender et al., 1987; Gazeau 
et al., 2007). 

The container incubation approach has several 
important strengths and limitations. One advantage 
is that it allows direct partitioning of P^, into relative 
contributions of different habitats. Second, controlled 
incubations allow for measuremenfs of P^ and/or R^^ 
responses fo variafions in physical (e.g., levels of fem- 
perafure, lighf, and salinify), chemical (e.g., nufrienf 
levels), or biological (e.g., grazers and predators) con- 
difions. This approach has fwo important limitations. 
First, one must either make numerous individual rate 
measurements over large spatial and temporal scales 
to adequately characterize variability within the sys- 
tem, which can be prohibitively resource demand- 
ing. Alternatively, limited individual measurements 
within the system must be extrapolated over large 
time and space scales to yield an integrated metabolic 
rate; these calculations introduce a series of indi- 
vidual errors fhaf propagate fo creafe a large and 
difficuh-fo-quanfify level of uncertainfy in fhe cal- 
culafed ecosysfem rate (e.g., Smifh, 1991). Second, 
isolafion of wafer wifhin a closed space infroduces 
whaf are called “confainer effecfs," in which fhe 



isolafed ecosysfem unit (water, sediments, and organ- 
isms) changes over the incubation in artificial ways 
(e.g., predator isolafion and algae growfh on walls), 
which will alter fhe rate measurement itself. If may 
also be impracfical fo measure all compartmenfs of a 
parficular ecosysfem. 

15.3.2 Open-Water Changes 
in Metabolites 

In sysfems wifh relafively homogeneous wafer 
masses (because of reduced mixing and/or slow 
wafer exchange), clear signals of diel changes in 
wafer-column O 2 and TCO 2 concenfration are 
offen defecfable and associafed wifh ecosysfem 
mefabolism (Fig. 15.3). Such a deploymenf scheme, 
in a well-mixed water column, will measure the 
integrated change in O 2 concentration due to 
photosynthesis and respiration of bofh wafer column 
and benfhic organisms (Fig. 15.3b). For example, fhe 
rafe of O 2 concentrafion increase during fhe day is 
equivalent to P^ and the rate of decline during fhe 
nighf is equivalenf fo Rj, (Fig. 15.3c). The advanfage 
of fhis approach is fhaf if measures fhe infegrafed 
mefabolic acfivify of fhe enfire ecosysfem over a short 
time period and that sensors can be deployed for 
weeks or more, allowing long-term measuremenfs. 
The mefhod, however, has fhe disadvanfage of 
requiring an afmospheric exchange correcfion (which 
is difficuh to measure accurately) and the possibility 
of low- or high -02 wafer being advecfed pasf fhe 
sensor, which will cause over- or underesfimafion of 
mefabolic rafes. 

To derive rafes of ecosysfem P^ and R^ from 
changes in wafer-column mefabolife concenfrafions, 
O 2 /TGO 2 changes musf be corrected for losses or 
gains via air-wafer exchange (Fig. 15.3d; e.g., Odum 
and Odum, 1955; Odum and Floskin, 1958). This 
air -wafer gas flux is fypically modeled as fhe prod- 
ucf of a gas exchange coefficient (or piston velocity) 
and the difference befween measured surface O 2 and 
calculafed safurafion concenfrafions. Values for fhe 
pisfon velocify, which generally increase wifh waves 
and furbulent mixing in surface water, are commonly 
computed from sfafisfical relafionships wifh wind 
speed and/or fidal currenfs (Warminkhof ef al., 2009; 
Borges and Abril, 2011), fracer addifions (such as SFg) 
thaf infegrafe variable furbulence and weafher over 
several days (Clark ef al., 1996; Carini ef al., 1996), and 
direcf measuremenfs using floafing domes (Kremer 
ef al., 2003). In fhe absence of such measuremenfs in 
comparafive analyses of mefabolism among similar 
sysfems, pisfon velocifies are assumed fo be consfanf 
(Caffrey, 2004), despite fhe facf fhaf air-sea exchange 
is highly variable befween sysfems. 
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Metabolic Computations: 

Oj Flux = DO,- DO ■ z -1(1 - ((DOsat. + DOsat,,)/ 200}) ' k " dt] 

I ^ \ I 

©.change Air— waterexchange correction 



The sum of O 2 fluxes during daytime hours = Net daytime production (Pg) 
The sum of O 2 fluxes during night hours = Nighttime production (R^) 
24-hour respiration = extrapolated to daytime hours 
Gross primary production (Pg) = Pg + extrapolated daytime respiration 
Net ecosystem production = Pq - 24-h respiration 

=P^Rn 

12 AM 4 AM SAM 12 PM 4 PM 8 PM 12 AM k = air-water exchange coefficient 




FIGURE 1 5.3 Measuring diel fluctuations in O 2 and computing metabolic parameters trom O 2 time series. 
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In coastal ecosystems with well-defined uniform 
wafer flow during infervals of fhe fidal cycle, 
mefabolic rafes can, in concepf, also be esfimafed 
using flow velocify and differences in concenfrafion 
between an upsfream and a downsfream sfafion 
(Odum, 1956). Rafes of gross primary production 
can be inferred af broad spafial and femporal scales 
from fhe friple oxygen isotope (^^O, and 
composition of afmospheric and dissolved O 2 using 
independenf esfimafes of air -wafer O 2 exchange 
(Luz ef al., 1999; Sarma ef al., 2005). Measuremenfs 
of i5^®0 are also used to esfimafe Pg, R, and Pg : R 
separafely in open wafers over diel cycles (Tobias 
ef al., 2007). 

One advanfage of fhe open-wafer fechnique 
is fhaf long time series of O 2 concenfrafions can 
be measured wifh relative ease using modern 
sensor systems fhaf are generally precise, durable, 
and self-cleaning. These sensor sysfems can be 
deployed remotely in coasfal wafers fo provide 
high-frequency (e.g., 15-min intervals) observations 
for durations of weeks fo monfhs (Caffrey, 2004), 
allowing it to be the only method to provide direct 
measurements of ecosysfem mefabolism on a wide 
range of temporal and spatial scales. In addition, this 
open-water approach provides direct measurements 
of ecosysfem-level production and respiration, thus 
avoiding artifact-associated "container effects" or 
rate extrapolation. Although this method does not 
provide habitat-specific mefabolic rafes, combining if 
with container incubations in a single study provides 
both direct measurements of whole system rafes 
and their partitioning among subsystems (Smith and 
Hollibaugh, 1997; Kemp et al., 1997). 

Among the disadvantages of fhis approach is fhe 
common need for separate measuremenfs of air-sea 
O 2 (or CO 2 ) exchange fo correcf for an inherent bias 
toward lower rates (due to gas exchange). Direct 
measurements of air -wafer exchange for a specific 
sysfem can be difficulf fo obfain (Raymond and Cole, 
2001), and gas exchange offen varies subsfanfially 
from sysfem fo sysfem (Kremer ef al., 2003) and wifh 
flucfuafions in physical forces (Marino and Howarfh, 
1993; Clark ef al., 1996; Borges ef al., 2004; Borges and 
Abril, 2011). In dynamic fidal wafers, diel changes 
in O 2 may be masked by physical forces (air-sea 
exchange, verfical/horizonfal mixing and advecfion), 
making if difficulf fo defecf fhe mefabolic signal. 
Sfafisfical modeling of relationships among O 2 , CO 2 , 
wafer femperafure, and/or salinify can provide a 
means for inferring mefabolic rafes in sysfems in 
which the time-space variability due to physical 
processes is substantial (Swaney et al., 1999; Lee, 
2001). Much like container incubations, metabolic 



rates derived from open-wafer time series O 2 
measurements only represent a small area such that 
estimates for large dynamic esfuarine sysfems wifh 
sfrong horizonfal gradienfs require spafial arrays of 
numerous sensor sysfems (Marfz ef al., 2008). Lasf, in 
using open-wafer changes in O 2 and TCO 2 concen- 
frafions as measures of ecosysfem mefabolism, one 
musf also accounf for fhe pofenfial imporf of wafers 
from adjacenf habifafs fhaf are eifher super- or under- 
safurated, fhus leading fo biased air-sea exchange 
corrections. 

15.3.3 Direct Air- Water Gas Exchange 

Anofher approach for esfimafing in aquafic sys- 
fems is fo measure or compute fhe air-sea exchange 
(Fgw) of O 2 or CO 2 over sufficienf fime and space fo 
characterize fhe entire ecosysfem. Af steady sfafe, a 
nef efflux of O 2 and nef influx of CO 2 indicate posifive 
values of (and vice versa). Direcf field measure- 
menfs of based on changes in O 2 , CO 2 , or inert 
tracer gases can be made in an enclosed atmosphere 
under floating chambers (Odum, 1956; Frankignoulle, 
1988). The product of empirically esfimafed pisfon 
velocifies (y) and fhe difference befween safurafion 
and measured O 2 or CO 2 concenfrafions in surface 
wafers — y(Cg — C)) provides an esfimafe of F^^ 
adequate for correcfing P^ and R^ rafes inferred from 
daily changes in gas concenfrafion (e.g., Raymond 
and Cole, 2001; Kremer ef al., 2003). Alfernafively, 
direcf esfimafes of P^ can be made from F^^ wifh pre- 
cise calculafions of dissolved gas partial pressure af 
the very surface (skin) of fhe wafer column (e.g., Najjar 
and Keeling, 2000). Spafial interpolations of monifor- 
ing dafa and numerical model outpuf generafe clima- 
tologies of O 2 or CO 2 partial pressure and physical 
conditions to estimate seasonal patterns of for large 

sysfems (Najjar and Keeling, 2000; Cai ef al., 2006). 

15.3.4 Input-Output Budgets 

Af larger space and fime scales, a range of mass- 
balance and budgef approaches can be applied for 
compufing rafes of Pj, in coasfal ecosystems. The mosf 
sfraighfforward of fhese approaches includes steady 
sfafe nufrienf, organic carbon, and/ or O 2 inpuf and 
outpuf budgefs fhaf are based on flux esfimafes for 
each material across sysfem boundaries. The bound- 
ary fluxes can be measured and/or derived from 
simulafion models. In fhis case, P^ is offen compufed 
as fhe residual of fhe mass balance. For esfuaries 
and ofher semienclosed coasfal sysfems, values of 
Pj^ can be inferred from measuremenfs of differences 
befween inpuf and oufpuf fluxes for organic car- 
bon, O 2 , or inorganic and organic nufrienfs (Chapter 
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17; Kemp et al., 1997; Smith et al., 2005). Metabo- 
lite inputs from the atmosphere and anthropogenic 
point sources (e.g., sewage effluents) are usually mea- 
sured by routine monitoring programs (Carstensen 
et al., 2006). Inputs from diffuse wafershed sources 
can generally be obfained from river monitoring af 
fall lines and / or hydrochemical modeling of runoff. 
Such poinf and diffuse inpufs from fhe surrounding 
wafershed are somefimes combined in mass-balance 
calculations. For mosf budgef calculations, direcf esti- 
mates of mass exchange fluxes befween fhe esfuary 
and adjacenf ocean musf be derived using hydro- 
graphic models of varying complexify (Bo 5 mfon ef al., 
2008; Tesfa and Kemp, 2008) because measuring such 
fluxes is difficulf. 

15.3.5 Transport-Transformation models 

A related approach for esfimafing values of from 
mass balances involves computing nef biogeochemi- 
cal fransformafions of nonconservafive solutes wifhin 
a sysfem using hydrod 5 mamic models or sfeady 
sfafe calculations of fransporf. These calculafions are 
of fen applied to coasfal systems wifh clear land -sea 
salinify gradienfs fhaf permif fransporf compufafions 
using salf- and wafer-balance models (Smifh ef al., 
1991; Gazeau ef al., 2005a; Tesfa ef al., 2008). This 
approach calculafes fhe residual wafer fluxes befween 
predefined volumes in systems in which freshwafer 
inpufs, salinify disfribufion, and sysfem bafhymefry 
are known. For nonconservafive solufes (e.g., PO^^), 
mass balance requires an additional residual ferm 
fo represenf fhe nef effecf of all biogeochemical 
processes involving fhe solute (Chapfer 17). One 
approach for fhis kind of modeling focuses on 
calculafing fhe nef nonconservafive producfion or 
consumpfion of DIP. In assuming fhaf biological 
processes dominafe phosphorus cycling, for example, 
nef DIP consumpfion represenfs nef biological upfake 
of DIP, which is converfed fo equivalenf nef carbon 
producfion assuming fhaf sfoichiomefry is fixed 
(Smifh ef al., 1991). Thus, nef DIP consumpfion 
is used fo compute P^. This approach has been 
supporfed by and widely used in fhe Land-Ocean 
Interaction in fhe Coasfal Zone (LOICZ) projecf 
(Grassland ef al., 2005). A relafed approach uses 
fhis mefhod fo balance nonconservafive mefabolic 
gases (e.g., O 2 or CO 2 ), also accounting for air-sea 
exchange fo compufe P^ (e g-/ Smifh and Flollibaugh, 
1997; Tesfa and Kemp, 2008). A fwo-layer version 
of fhis approach, which can be applied for sfrafified 
esfuarine systems, provides mefabolic rafes fhaf are 
analogous (buf nof equivalenf) fo P^ in fhe upper 
phofic layer and R in fhe subphofic bottom layer 
(Hagy ef al., 2000; Tesfa ef al., 2008). 



An inherenf sfrengfh for fhese mass-balance 
approaches is fhe facf fhaf fhey are compufed over 
large space and time scales, fhus providing infegrafed 
measures of P^ thaf can be relafed fo large time- and 
space-scale external forcing. These estimates of nef 
ecosystem mefabolic fluxes can also be quanfifafively 
relafed fo ofher large-scale carbon and nufrienf fluxes 
in fhe ecosysfem (Kemp ef al., 1997). The concepfual 
simplicify of fhis approach combined wifh fhe 
widespread availability of moniforing dafa for 
consfrucfing mass balances makes if an excellenf fool 
for comparative analysis of P^ across many differenf 
coasfal ecosystems (Smifh ef al., 2005). A pofenfial 
limifafion of fhe fransporf-franstormafion modeling 
approach is fhaf if requires two key assumpfions: (i) 
fhe G/N/P sfoichiomefry is fixed and known and 
(ii) physicochemical reactions have no nef effecf on 
DIP dynamics (Gazeau ef al., 2005a). The primary 
disadvanfage of all mass-balance approaches is fhaf 
many measuremenfs or compufafions are required fo 
estimate P^ and some of fhese rafes may be difficulf 
fo quantify and may have large associated errors. 
Problems of spafial and temporal exfrapolafion are 
minimized in sysfems wifh long wafer exchange 
fimes and relafively uniform conditions. The scales 
of fhe various flux estimates required for a complete 
mass balance musf be consisfenf, musf cover fhe 
same temporal period and spafial domain, and musf 
be measured af frequencies and spafial densities 
adequafe fo reflecf infegrafed rafes. Alfhough if can 
be difficulf fo quantify fhe errors and uncerfainfies in 
many of fhese measuremenfs, recenf sfudies describe 
rigorous approaches for computing error accumula- 
fion in fhese mass-balance calculafions for nufrienfs 
and ofher materials (Lehrfer and Gebrian, 2010). 



15.4 REGULATING FACTORS 
AND SPATIAL/TEMPORAL 
PATTERNS 



An appreciafion of fhe various infernal and exfemal 
facfors fhaf regulate fhe balance befween producfion 
and consumpfion of organic matter is necessary for 
undersfanding ecosysfem mefabolism. Many exfemal 
and infernal facfors, bofh nafural and anfhropogenic, 
drive changes in esfuarine mefabolic rafes, while 
spafial and temporal variations in fhese confrolling 
facfors resulf in disfincf gradienfs and pafferns in fhe 
rafes. This section focuses on six facfors fhaf exerf 
sfrong and ubiquifous confrol on coasfal ecosysfem 
mefabolism in varied coasfal aquatic ecosystems. 



Regulating Factors and Spatial/Temporal Patterns | 391 



(a) 400 



>; 300 

CO 

:d 

E 

CsJ 

O 200 
o 
E 
£ 

too 



0 

0-10 10-20 20-30 30-40 40-50 50-60 

PAR (E/m^/day) 

(b) 250 



_ 200 
>. 

CD 

c\j' 

E 150 

C\J 



I too 
of 

50 



0 



FIGURE 15.4 Plots of binned means (±SD) of (a) net daytime production {PJ versus photosynthetically active radiation (PAR) 
and (b) nighttime respiration (R^) versus water temperature in the Corsica River estuary, a subtributary of Chesapeake Bay. 
Metabolic rates were calculated from short-term changes in water column O 2 and represent whole-ecosystem metabolism. 
Pg correlates with PAR, but saturates at 30-40 E/mVday with high variability at high PAR, because of turbidity-induced 
reductions in P^. R^, increases exponentially with temperature and does not appear to saturate up to 30 °C. Source: O 2 and 
temperature data from Maryland Department of Natural Resources (www.eyesonthebay.net) and PAR data from the Horn 
Point Laboratory weather station in Cambridge, Maryland, USA (http:/ /hpl.cbos.org/ download.php). 
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1 5.4.1 Light and Water Clarity 

Primary production in coastal waters may be limited 
by nutrients, temperature, and mixing, but light 
availability is the ultimate driver of photos 5 mthesis. 
Light energy is absorbed by a suite of plant pigments, 
notably chlorophyll a, and drives the light and 
dark reactions of photos 5 mthesis to fix CO 2 and 
synthesize simple organic compounds. For example, 
rates of phytoplankton photosynthesis follow daily 
(e.g., Harding et al., 1981) and seasonal (e.g.. Smith 
and Kemp, 1995) variations in solar intensity and 
duration (Fig. 15.4), especially in temperate climates 
(Smith and Hollibaugh, 1997; Hashimoto et al., 2006). 
Photos 5 mthetic rates generally follow h 5 y>erbolic 
relationship with light up to saturation levels 
(Harding et al., 1981), where at higher light levels. 



UV inhibition of photosynthesis is sometimes evident 
(Powles, 1984; see Chapter 4). Such photoinhibition 
of phytoplankton photos 5 mthesis is rarely observed 
in situ in most coastal ecosystems because turbid 
water combined with rapid vertical mixing precludes 
long exposures to damaging light levels (Gallegos 
and Platt, 1985). As a result, simple empirical models 
are used to effectively compute phytoplankton pro- 
ductivity based on light availability, phytoplankton 
biomass, and photic zone depth across a range 
of diverse coastal ecosystems (Cole and Cloern, 
1987). 

As a result of light control on photos 5 mthesis, the 
daily rising and setting of the sun fuels one of the most 
clearly observed metabolic cycles in coastal ecosys- 
tems. Net increases in O 2 during sunlit hours reflect 
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net ecosystem photos 5 mthesis, while declines in O 2 
during the night result from net respiration (Fig. 15.3). 
A common lag period (2-5 h) between dawn and the 
initial switch from nef respirafion fo nef phofos 5 mfhe- 
sis (Fig. 15.3) reflecfs fhe time required for gradually 
increasing phofos 5 mfhefic rafe fo exceed baseline res- 
pirafion rafes. Direcf boffle incubafion measuremenfs 
of plankfon communify phofos 5 mfhesis and respira- 
fion indicafe fhaf midday maxima in are f 5 rpically 
followed by respirafion peaks in lafe affernoon. Lafe 
affernoon peaks in respirafion rafes, however, may be 
driven by lighf enhancemenf of respirafion associafed 
wifh high rafios of O 2 : CO 2 concenf rations. 

Wafer clarify is a crifical factor influencing lighf 
availabilify and phofos 5 mfhesis fhaf varies widely 
among coasfal ecosysfems. In nafural wafers, fhe 
intensify of lighf reaching below-surface depfhs is 
reduced rapidly due fo absorption and scaffering by 
algal cells (live and dead) and a variefy of nonal- 
gal suspended inorganic and organic particles in fhe 
wafer column (Wofsy, 1983). Consequenfly, phofo- 
S 5 mfhefic rafes and fhe accumulation of phyfoplank- 
fon chlorophyll a are often reduced in esfuaries 
receiving high loads of inorganic parficles and/or 
allochfhonous organic maferial (Wofsy, 1983; Kemp 
ef al., 1997). Phofos 5 mfhesis in benfhic planfs is espe- 
cially sensitive fo decreases in wafer clarify (McGlafh- 
ery ef al., 2007) because unlike phyfoplankfon, benfhic 
algae and submersed vascular planfs are affached fo 
sedimenfs and fheir depfh limif is confrolled by lighf 
penefrafion. is fhus often lower in regions of esfu- 
aries nearesf fhe injecfion poinf of riverine furbidify 
(e.g., upper, low-salinify estuarine regions; Smith and 
Kemp, 1995; Gazeau et al., 2005c) and during years or 
seasons with high river flow and suspended sedimenf 
inpufs, such as femperafe spring monfhs and fropical 
monsoon periods (Ram ef al., 2003). 

Alfhough respirafion in coasfal ecosysfems is 
generally nof direcfly affected by lighf levels, fwo 
processes can cause elevated plan! respirafion in fhe 
lighf. The firsf process, phoforespirafion, occurs in 
many planfs when low infracellular concenfrafions of 
GO 2 allow O 2 fo bind wifh RuBisGO fo form glycolic 
acid. This maferial may be respired wifhin fhe planf 
or excreted fo surrounding wafers, where if used in 
microbial respirafion (Laws ef al., 2000) . A second pro- 
cess by which O 2 consumpfion and GO 2 producfion 
may be sfimulafed in fhe lighf is fhe Mehler reaction 
(Raven and Beardall, 2005). Experimenfs suggesf fhaf 
fhe sum of fhese fwo processes of lighf-sfimulafed 
respirafion probably accounf for less fhan 20% of 
Pg (Laws ef al., 2000). Dark boffle respirafion rafes 
measured wifh incubations over diel cycles (Sampou 
and Kemp, 1994) suggesf fhaf midday rafes exceed 



nighttime rafes. However, over longer time periods 
(> day), high lighf condifions generally increase 
respirafion indirecfly by stimulating phofos 5 mfhesis, 
which provides bofh organic subsfrafe and O 2 to 
support elevated aerobic respiration. In benthic envi- 
ronments, photos 5 mthesis by benthic microalgae and 
submersed vascular plants increases the depth of O 2 
penefrafion info sedimenfs, resulfing in elevated aer- 
obic respirafion and chemoaufofrophic mefabolism 
(Epping and Jorgensen, 1996). 

15.4.2 Temperature 

Temper afure has a sfrong effecf on respirafion, 
because of ifs influence on enzyme-cafalyzed cel- 
lular mefabolism. Mefabolic rafe dependences on 
femperafure are expressed as fhe rafio of rafes af a 
given femperafure and fhose af 10 °G greafer, which 
is called fhe "Qio" factor (Chapter 3). A number of 
comparafive analyses show fhaf respirafion of bofh 
plankfonic and benfhic communifies follow sfrong 
exponential relafionships fo femperafure (Hopkinson 
and Smifh, 2005), which indicates fhaf should be 
dependenf on fhe magnifude of femperafures being 
compared (i.e., a Q^q for 5-15 °C will be lower fhan 
fhaf for 15-25 °C). Such femperafure-respirafion 
relafionships were reported for a diversify of coasfal 
ecosysfems (Eig. 15.4; Smifh and Kemp, 1995), 
and sfrong correlations between femperafure and 
respirafion also resulf from covariance befween 
femperafure and primary producfion rafes. In 
fhe latter case, increased productivity increases 
the availability of labile organic matter fo fuel 
respirafion. In deeper, aphofic wafers, respirafion 
may peak wifh femperafure (as in surface wafers), 
and in many femperafe ecosysfems, peak benfhic 
respirafion co-occurs wifh peak femperafure (e.g., 
Middelburg ef al., 1996). Organic matter reacfivify 
is fhoughf fo be more imporfanf fhan femperafure 
in regulafing respirafion rafes (Saffa ef al., 1996), 
especially in sysfems wifh large inpufs of organic 
matter from ferresfrial and anfhropogenic sources, 
in sedimenfs fhaf are dependenf on sinking organic 
maferial fo supporf respirafion (Graf ef al., 1982), 
and in sedimenfs in which elevafed abundance 
of macrobenfhic fauna enhances respirafion rafes 
(Hopkinson and Smifh, 2005). 

Seasonal and inferannual femperafure flucfua- 
fions can direcfly and indirecfly affecf rafes of P^ and 
Pg in coasfal ecosysfems. Alfhough fhe photochemi- 
cal processes in phofosysfems I and II and fhe initial 
slope of lighf-safurafion curves (Plaff and Jassby, 
1976) are generally unaffecfed by changes in femper- 
afure, femperafure fends fo sef fhe maximal growfh 
rafes (pj^,) of phyfoplankfon under ideal lighf and 
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nutrient-saturated conditions (Eppley, 1972). Mod- 
eling studies similarly found that simulation perfor- 
mance was generally improved by using formulafions 
for femperafure-dependenf rafes fhaf included 
modulafion by lighf and nufrienf conditions (Brush 
ef al., 2002). 

Temperafure also exerfs indirecf effecfs on 
primary producfion, as planktonic and benfhic 
nufrienf recycling rafes are generally enhanced in 
warmer wafer, pofenfially increasing fhe growfh 
rafe of nufrienf-limifed phytoplankton and ben- 
fhic planfs (Heip ef al., 1995). Alfhough coasfal 
phyfoplankfon (and ofher planfs) fend fo adapf 
to local conditions, exfremely high femperafures 
(>30°C) can inhibif plan! growfh (Eppley, 1972). If 
is generally considered fhaf ecosystem respirafion 
is more sensitive fo femperafure (as reflecfed in 
higher Qjq values) fhan sysfem phofos 5 mfhesis. 
Consequenfly, global increases in wafer femperafure 
are expected fo cause widespread reducfions in P/R 
rafios and increased heferofrophy for oceanic and 
coasfal sysfems (Lopez-Urrufia ef al., 2006). 

Bofh Pg and R are sfrongly influenced by (and 
correlafe wifh) seasonal variations in femperafure, 
whereas femperafure effecfs on seasonal or inferan- 
nual flucfuafions in are often difficulf fo defecf. In 
many femperafe esfuaries, Pg may follow fhe annual 
lighf cycle (peaking in June), while ecosysfem respi- 
rafion fends fo follow fhe annual femperafure cycle 
(peaking in July or Augusf), resulting in spring annual 
maxima in Pj, (Smifh and Kemp, 1995). Conversely, 
in esfuaries wifh seasonal climafe patterns driven by 
fhe monsoon cycle, P^ may be aufofrophic during 
low-flow, premonsoon periods buf may be reduced 
fo heferofrophic conditions during high flow (and 
high allocfhonous organic matter inpufs), monsoon 
periods (Ram ef al., 2003). Thus, year-fo-year varia- 
tions in P^ may be related fo a variefy of factors ofher 
fhan femperafure, as inferannual variabilify in fem- 
perafure is small relative fo changes in ofher external 
forces (e.g., furbidify, nufrienf inpufs). 

15.4.3 Inorganic Nutrients, Organic 
Carbon, and Toxic Contaminants 

In many coasfal ecosysfems, phofos 5 mfhefic produc- 
fion and respirafory consumpfion of organic maffer 
are regulafed by bofh inorganic nufrienf and organic 
maffer inpufs. T 5 rpically, variafions in land -sea inpuf 
rafes are driven by climatic variabilify or anfhro- 
pogenic forcing (Smifh and Hollibaugh, 1997; Tesfa 
ef al., 2008; Cox ef al., 2009), as changes in freshwater 
inpufs and watershed land use confrol inpuf rafes. 
As a resulf of combined anfhropogenic and climafic 
forcing, inpuf rafes vary on seasonal fo mulfidecadal 



timescales. Primary producfion (bofh P^ and Pg) 
rafes are often posifively correlated wifh inorganic 
nufrienf inpufs in many f 5 rpes of aquatic ecosysfems, 
as nufrienfs increase phofos 5 mfhesis levels and allow 
for increased algal biomass producfion (Oviaff ef al., 
1986; D'Avanzo ef al., 1996; Caffrey, 2004). Eor 
example, confrolled multiyear experimenfs in meso- 
cosms displayed fhaf a 32-fold increase in inorganic 
nufrienf inpuf elicited a significanf increase in P^ 
and P^ (Oviaff ef al., 1986). Such elevafed organic 
producfion, in furn, induces elevafed respirafion 
rafes, because much of fhe newly produced organic 
maffer will likely be respired wifhin fhe fime frame of 
a year (Oviaff ef al., 1986; Smifh and Hollibaugh, 1997; 
Hashimofo ef al., 2006). Respirafion rafes vary sub- 
sfanfially wifh changes in external loads of organic 
maffer (Saffa ef al., 1996; Smifh and Hollibaugh, 1997), 
especially in upsfream regions of esfuaries adjacenf 
fo wasfewafer freafmenf planfs and riverine injecfion 
poinfs (Gazeau ef al., 2005a). In some sysfems, 
ecosysfem mefabolism is driven by organic maffer 
(Smifh and Hollibaugh, 1997) or inorganic nufrienf 
inpufs (Tesfa ef al., 2008) from seaward sources. 

The ratio of inorganic nufrienf fo organic maf- 
fer inpufs is a predicfor of P^ and P/R for many 
coasfal sysfems (Eig. 15.5; Hopkinson and Vallino, 
1995; Kemp ef al., 1997; Gazeau ef al., 2005a) because 
inorganic nufrienfs direcfly sfimulafe Pg and organic 
nufrienfs fuel ecosysfem respirafion. For example, 
ecosysfem mefabolism in Tomales Bay is nef hef- 
erofrophic and fhe sysfem is fhus a sink of organic 
carbon and source for CO 2 . This is because fhe 
esfuary's small wafershed is sparsely populated buf 
delivers subsfanfial ferresfrial organic carbon and lif- 
fle inorganic nufrienfs fo fhe adjacenf bay (Smifh 
ef al., 1991; Smifh and Hollibaugh, 1997). However, 
fhe Scheldf River esfuary has negative P„ despite 
high inorganic nufrienf loads, because of lighf limi- 
fafion and excessive inpufs of allochfhonous organic 
maferial (Gazeau ef al., 2005a). Narraganseff Bay, in 
confrasf, receives higher loads of inorganic nufrienfs 
fhan organic carbon from ifs wafershed, and ecosys- 
fem mefabolism is slighfly aufofrophic in fhis sysfem 
(Fig. 15.5; Nixon ef al., 1995). The Pafuxenf River esfu- 
ary is highly enriched wifh inorganic nufrienfs and 
is aufofrophic, buf inferannual variabilify indicates 
shifts between aufofrophy and heferofrophy caused 
by variafions in ofher external forces (Tesfa ef al., 
2008). 

The eftecf of organic maffer inpufs on fhe 
mefabolic balance of coasfal wafers depends largely 
on fhe bioavailabilify and elemenfal composifion of 
fhis maferial. In general, organic maffer produced 
by phyfoplankfon and benfhic microalgae fends fo 
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Loading ratio DIN/TOC (mol N/molC) 

FIGURE 15.5 Comparative analysis of net ecosystem metabolism for estuarine systems in relation to the loading ratio of 
DIN/TOC (dissolved inorganic nitrogen/ total organic carbon). Data from experimental marine ecosystems (green, filled 
circles, MERL, Oviatt et al. (1986), C = control and IX, 2X, etc. are scales of nutrient enrichment relative to control), selected 
estuaries for which sufficient information is available (blue, open circles, Kemp et al. (1997)); Moreton Bay from Eyre and 
McKee (2002), and the case study systems from this chapter (red squares), including the Patuxent River estuary (Testa et al., 
2008), Chesapeake Bay (Kemp et al., 1997), the Scheldt (Hofmann et al., 2008), Tomales Bay (as in Kemp et al., 1997), and the 
Parker River-Plum Island Soimd ecosystem (Vallino et al., 2005). 



be very labile (high bioavailability) with relatively 
low molar ratios of C : N (~7) and C : P (~106), 
so that respiration of 106 moles of C will resulf in 
release of 16 moles of inorganic N and 1 mole of 
inorganic P. In confrasf, organic maferial produced 
by seagrass and salf-marsh grass fends fo be more 
refracfory wifh higher C/N ratios (~20 and ~40, 
respectively) because a larger portion of fhe planf 
biomass is associafed wifh sfrucfural fissues (e.g., 
Twilley ef al., 1986). Wifhouf fhe buoyancy effecfs 
of wafer, terresfrial planfs have even more biomass 
devofed fo sfrucfural carbon and C/N ratios can 
exceed 150 (Cloern et al., 2002). Although cellulose, 
lignin, and other structural compounds tend to be 
relatively resistant to degradation, they do support 
respiration of bacferia and fungi, buf wifh very small 
relafive rafes of inorganic nufrienf release. Inpufs of 
allochthonous terrestrial organic matter thus tends 
to support lower respiratory rates that release far 
less inorganic N and P, compared wifh a similar 
inpuf of algal-derived organic matter produced 
by phytoplankton. Therefore, increased inpufs 
of terresfrial organic matter generally increases 
esfuarine respiration with relatively little effect on 
photos 5 mthesis from associafed nufrienf recycling, 
whereas enhanced inpufs of organic matter from 
algal-derived maferial will fend fo increase bofh R 
and P while driving a nef increase in heferofrophy. 

Inpufs of toxins fo coasfal ecosysfems may also 
affecf P„, Pg, and R. The foxicological liferafure is 
filled wifh dafa on experimenfal ecosystem mefabolic 



responses fo diverse organic and inorganic confam- 
inanfs (Graney ef al., 1994). Response patterns vary 
for differenf toxic chemicals, but there is a general 
concern that the homeostatic nature of ecosysfem 
mefabolism makes fhese rafes poor indicafors of low- 
level ecosysfem sfress. A recenf sfudy confrasfing 
esfuarine ecosysfem mefabolic responses fo inpufs 
of nufrienfs (N and P) and heavy mefals (arsenic, 
copper, cadmium) reported that ecosystem produc- 
tion was significantly stimulated by nutrients and 
inhibited by metal toxins, while input of bofh sefs of 
chemicals resulted in slighf enhancement of Pg and 
P„ (Wiegner ef al., 2003). In confrasf, herbicide addi- 
fions fo seagrass-dominafed mesocosms resulted in 
sharp declines in P^ fhaf abafed wifhin weeks as fhe 
herbicides degraded (e.g., Curmingham ef al., 1984). 
It is interesting that, despite these large impacts on 
Pg, community respiration showed little response to 
these phytotoxic compounds over the full course of 
6-10 week freafmenfs (Kemp ef al., 1985). In rare 
cases, exfreme levels of NH^ may be foxic fo phyfo- 
plankfon and reduce (Cox ef al., 2009). 

15.4.4 Exchanges of Organic Matter 
Within Ecosystems 

Analyses of mefabolic balance in ecosysfems open fo 
exchange (especially sfreams and macrofidal esfuar- 
ies) musf consider how organic maferial is exchanged 
befween adjacenf aquatic ecosysfems. Measuremenfs 



Regulating Factors and Spatial/Temporal Patterns | 395 



of Pj-, can be used to estimate the direction and magni- 
tude of organic transport across system boundaries, 
as organic matter is generally imported to fuel het- 
erotrophic ecosystems and exported from autotrophic 
ecosystems at steady state. Of course, organic car- 
bon export may be driven by a combination of 
both autotrophic Pj, and the throughput of unused 
imported materials, but it is nonetheless useful to con- 
sider potential relationships between net biological 
production and net physical transport. 

Several studies have linked net ecosystem pro- 
duction in upper euphotic layers of the water column 
to net vertical transport (i.e., sinking) of particulate 
organic carbon (POC) and to subsequent bottom res- 
piration supported by these sinking organic materials. 
For instance, in stratified estuarine ecosystems, there 
can be a strong inter annual correlation between net O 2 
production in the surface layer and net O 2 consump- 
tion in the underlying layer (Testa and Kemp, 2008) 
and an analogous relationship between metabolism 
and POC deposition (Bozec et al., 2006). Direct mea- 
surements of P„ and sinking of POC were also 
strongly correlated in mesocosm experiments (Ovi- 
att et al., 1993), field studies in estuaries (Kemp and 
Bo 5 mton, 1992), and on the North American conti- 
nental shelf (Kemp et al., 1994). Perhaps the most 
important example of downward vertical sinking of 
surface water POC on a global scale is the potential 
export of newly fixed carbon to the deep oceans as 
part of the "biological pump" (Lutz et al., 2007). 

Changes in are also related to variations in net 
horizontal transport between adjacent coastal regions. 
For example, despite the high net autotrophy of the 
seagrass plants themselves, net heterotrophy is often 
observed for the integrated ecosystems associated 
with seagrass beds (Barron et al., 2004) because of 
the tendency for allochthonous POC to be trapped 
within the bed and respired by benthic microbes and 
metazoan communities. The box-modeling analyses 
described above (Bozec et al., 2006; Testa and Kemp, 
2008) showed that regions of net autotrophy were 
often adjacent to regions of net heterotrophy and that 
seaward horizontal transport of excess production in 
the net autotrophic areas fueled heterotrophy in the 
downstream regions. 

Net autotrophy in nutrient-enriched estuaries 
generally creates a source of organic matter that is 
transported seaward to fuel net heterotrophy on the 
adjacent shelf (Ram et al., 2003). Flowever, landward 
transport of organic matter from autotrophic coastal 
upwelling areas can also drive heterotrophy in 
nearby estuaries (Smith and Flollibaugh, 1997). Previ- 
ous conceptual models of "river to sea" interactions 
of organic matter and nutrient cycles have explained 



observed horizontal patterns of along estuarine 
land-sea gradients in terms of linkages between 
Pj^ and net organic matter transport (Fleath, 1995; 
Hopkinson and Vallino, 1995). Such estuarine-centric 
models can be related to the RCC (Vannote et al., 
1980), which describes a pattern of heterotrophic 
low-order streams giving way to autotrophic high 
order river systems. It is suggested that forest 
cover in low-order streams has the dual function of 
restricting light to stream beds and providing ample 
amounts of organic material to fuel respiration, 
while higher-order streams receive nutrients from 
upstream respiration and are wide enough to 
provide ample light for photos 5 mthesis, permitting 
net autotrophy. This pattern is intimately linked with 
the concept of "nutrient spiraling" in streams, where 
the autotrophic uptake and heterotrophic release of 
nutrients co-occurs with unidirectional, downstream 
flow, thus decoupling regions of organic matter 
degradation/nutrient release from those of organic 
matter production/nutrient uptake (Ensign and 
Doyle, 2006). 

15.4.5 River Flow, Flushing, and Wind 

Because many estuaries, by definition, receive fresh- 
water (and thus organic matter and nutrient inputs) 
from one or many sources, variations in freshwa- 
ter flow exert strong, if not dominant, controls over 
metabolic rates (Paerl et al., 1998; Flowarth et al., 
2000; Russell et al., 2006). Depending on the estu- 
ary and its watershed, interannual changes in river 
flow can increase or decrease metabolic rates or lead 
to spatial and temporal shifts in peak metabolism. 
In estuaries receiving large amounts of inorganic 
nutrients with river flow, elevated flow leads to 
increases in phytoplankton production (Paerl et al., 
1998). Conversely, elevated river flow can lead to 
reduced Pg by importing suspended material that 
reduces light availability (Flowarth et al., 2000). If 
the estuary is large enough, flow may reduce Pg via 
turbidity in landward estuarine regions while elevat- 
ing Pg in seaward waters where dissolved nutrients 
are delivered, but solids settle to sediments in land- 
ward reaches. Large seasonal pulses of freshwater 
and organic material (monsoon) can also reduce Pg 
and P„ via light reductions and elevated respiration 
because of organic matter imports (Ram et al., 2003). 
More complex interactions occur in naturally turbid 
estuaries, where freshwater discharge can affect both 
water column stability and turbidity (Cloem et al., 
1983; Flowarth et al., 2000), and large stream-flow 
pulses can radically alter P^ with differential effects 
on Pg and R resulting from mixed inputs of dissolved 
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organic carbon (DOC) and/or turbidity (Russell et al., 
2006). 

Day-to-day fluctuations in P^, R, and are often 
large, because of daily variance in ofher exfemal 
forcing variables, such as wind and sunlighf. In fhe 
few insfances when confinuous daily measuremenfs 
of were reporfed over a season (Fig. 15.4; Sfaehr 
and Sand-Jensen, 2007), variafions in Pj, were greafer 
fhan 10-fold. The large daily variabilify in Pg is due 
fo variations in cloud cover and resulting changes 
in sunlight (Fig. 15.4). Wind-induced changes in 
vertical mixing (Staehr and Sand-Jensen, 2007) can 
also regulate fluctuations in ecosystem production. 
In shallow ecosystems, short-term increases in wind 
stress lead to higher rates of sediment resuspension, 
which reduces light penetration and thus Pg. Wind- 
induced resuspension may also reintroduce relatively 
labile organic matter into the water column (Demers 
et al., 1987), stimulating plankton community res- 
piration and reducing rates of P^ (Dokulil, 1994). 
Flowever, wind-induced resuspension can fransport 
benfhic diafoms info fhe wafer column, where fhey 
can access lighf and achieve higher rafes of phofos 5 m- 
fhesis (Demers ef al., 1987). 

The exchange fime of wafer parcels in esfuar- 
ine ecosysfems (i.e., fhe average fime a given wafer 
parcel remains in the estuary) can also regulate the 
balance between photos 5 mthesis and respiration by 
controlling the time that organic material may be pro- 
cessed within the system (Flopkinson and Vallino, 
1995). Exchange time can vary within an estuary 
over seasonal and interarmual time scales, partic- 
ularly depending on changes in freshwater inputs 
(Flagy et al., 2000), tidal cycles, and offshore cli- 
matic variabilify. Modeling sfudies suggesf fhat short 
exchange times would promote net autotrophy as dis- 
solved inorganic nutrients are rapidly assimilated but 
particulate organic material is flushed from fhe sys- 
fem before being respired (Hopkinson and Vallino, 
1995). In fhe LOICZ program, P^ rafes and esfu- 
arine exchange times were compufed for roughly 
200 esfuarine ecosysfems (Crossland ef al., 2005). 
These data indicate that P^ was negatively corre- 
lated with exchange time (Smith et al., 2005; Borges 
and Abril, 2011), with more variability in Pj, with 
reduced exchange time. This suggests that longer 
exchange times increase net heterotrophy (or decrease 
net autotrophy) by increasing the amount of fime fhat 
organic material can be respired within the ecosystem 
(Smith et al., 2005). Similarly, in the lower Patuxent 
River estuary, low exchange times are associated with 
elevated autotrophy (Fig. 15.6) because of high flush- 
ing of organic maferial ouf of fhe ecosysfem (Vallino 



(a) 





FIGURE 15.6 Relationships of freshwater residence time 
(FRT) with net ecosystem production (P^ — production- 
respiration) in two regions of the Patuxent River estuary 
(±SE; FRT from Hagy et al. (2000) and data from Testa 
and Kemp (2008)). The data indicate that is positively 
related to FRT in the upper estuary but that they are 
negatively correlated in the lower estuary. 



et al., 2005) and stimulation of Pg via associafed ele- 
vafed nufrienf inpuf rates. In contrast, long exchange 
times lead to more autotrophic conditions in the tur- 
bid and shallow upper Patuxent River estuary, where 
reduced sediment input and enhanced stability of fhe 
water column allow elevated rates of Pg (Fig. 15.6). 

15.4.6 Water Depth 

The general depfh dependence of mefabolic balance 
(Odum, 1967; Alderman ef al., 1995) regulafes fhe 
relative dominance of primary producers and fhe 
relative contributions of benfhic and pelagic rafes 
fo fofal ecosysfem respirafion. Because light levels 
reaching the sediment surface in shallow esfuaries 
are often sufticienf fo supporf submerged vascu- 
lar planfs, Pj, rafes in fhese sysfems will likely be 
aufofrophic because (i) such roofed planfs are able 
fo fix more CO 2 per unif nufrienf inpuf as fheir fis- 
sues have much higher rafios of C/N or C/P fhan 
microalgae and (ii) wafer column respirafion rafes 
fend fo be low in dear-wafer environmenfs (Ziegler 
and Bermer, 1998). Thus, P^ shifts from nef aufofro- 
phy fo nef heferofrophy wifh increases in depfh 
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FIGURE 15.7 Average diel ranges (daily maximum- daily 
minimum) in water temperature and O 2 in 0.5-m depth 
categories in several Texas coastal bays during summer 
(Odum, 1967). 



because water-column-integrated plankton respira- 
tion increases, while Pg does not change (Ryther, 1961 ; 
Wofsy, 1983) and benthic photos 5 mthesis is inhibited 
by light limitation (Van de Bogert et al., 2007). In 
studies of the shallow turbid bays of fhe Texas coasf, 
Odum (1967) nofed an exponential decline in fhe daily 
excursions of O 2 (a measure of Pg) and femperafure 
with depth (Fig. 15.7). This decline in variability indi- 
cated that large diel shifts in O 2 were representative of 
high mefabolic rafes found in shallow wafers, where 
high O 2 excursions may be relafed fo fhe presence of 
roofed aufofrophs or fo femperafure stimulation of 
Pg and R (Fig. 15.7). Finally, if has been nofed fhaf 
depfh controls the partitioning of ecosysfem respira- 
tion between planktonic and benthic components, as 
planktonic processes are favored in deeper sysfems 
(Help ef al., 1995). 

Depfh inferacfs wifh nufrienf sfafus and habifaf 
fypes fo defermine fhe dominanf primary producers 
in an ecosysfem and their effects on metabolic rates. 
Measuring individual components of an ecosysfem 
using confainer incubafions (e.g., Gazeau ef al., 2005a) 
allows partitioning fhe confribufion of various biotic 
unifs fo Pj^. Such an approach has been applied fo 
sfudies focusing on fhe ecological role and mefabolic 
confribufion of seagrass and relafed submersed planfs 
in shallow coasfal environmenfs. For example, sea- 
grass growing in oligofrophic wafers generally dom- 
inafe shallow wafer over an armual cycle in 
comparison fo bofh adjacenf areas wifhouf seagrass 
and ofher biofic componenfs wifhin fhe communify. 
Seagrass beds also produce a clear mefabolic sig- 
nature in nutrient-poor, dear-water environments 
such as the Mediterranean Sea margins (Gazeau 
et al., 2005b). In nutrient-enriched environments. 



such as the coastal Texas lagoons, seagrass con- 
tributions to Pg are often less important. In these 
lagoons, seagrass beds accounted for only approx- 
imafely 30-40% of ecosysfem P^, wifh macroalgae 
(~30-45%), phytoplankton (~15-20%), and benfhic 
microalgae (~10-35%) accounfing for fhe remaining 
primary producfion (Kaldy ef al., 2002). In addition, 
mesocosm experimenfs suggested fhaf fhe relative 
confribufion of seagrass fo fends fo decline wifh 
high inpufs of nufrienfs, because seagrass are eifher 
forced fo compete wifh phyfoplankfon and epiphyfic 
algae for nufrienfs or because wafer column nufrienfs 
cause algal and epiphyfe shading fhaf reduces lighf 
availability for seagrass growth. 



15.5 ECOSYSTEM METABOLISM 
CASE STUDIES 



Over the past several decades, certain coastal ecosys- 
tems have been sites of exfensive integrated research 
focused on ecosysfem mefabolism and ifs relafion- 
ship fo key ecological, biogeochemical, and manage- 
menf factors. A subsef of fhese sifes represenfs an 
interesfing combination of habifaf types and phys- 
ical settings, including a wide range of circulafion 
patterns, depfhs, habifaf f 5 T?es, dominanf primary 
producers, and degrees of human perfurbafion. The 
following case studies of ecosysfem mefabolism pro- 
vide an opporfunify fo explore a variefy of mefabolic 
patterns, while underscoring some imporfanf princi- 
ples of coasfal ecosysfem ecology. 

15.5.1 Tomales Bay 

Tomales Bay is located af 38 °N, 123 °W in norfhern 
California and is a hydrographically simple esfu- 
ary, wifh a linear basin of tectonic origin, modesf 
rafe of wafer exchange wifh fhe adjacenf Pacific 
Ocean (Fig. 15.8c), and relatively shallow and uniform 
depfhs (Smifh and HoIIibaugh, 1997). The watershed 
has a Mediterranean climafe (cool and wef winters, 
dry and hof summers) and a low population den- 
sify, wifh grassland, foresf, and chaparral ecosystems 
being dominant (Smith and HoIIibaugh, 1997). Land 
clearing for agriculfure (primarily pofafo farming) 
and logging in fhe laffer half of fhe ninefeenfh cenfury 
led fo dramafically increased erosion and sediment 
transport to the bay through the first half of fhe 
fwenfiefh cenfury (Rooney and Smifh, 1999). Ofher- 
wise, human impacf on fhe sysfem is low. Wafershed 
carbon inpufs are sfrongly relafed fo interarmual vari- 
ations in winfer rainfall and are primarily in fhe form 
of particles (Smifh ef al., 1996). 
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FIGURE 15.8 Maps of ecosystem metabolism case study estuaries and adjacent watersheds. Source: Areal maps from Google®. 
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FIGURE 15.9 Time series of measurements of (a) Pg and (b) 
R for planktonic communities and both unvegetated and 
seagrass-dominated benthic communities in Tomales Bay, 
California, USA. Source: Data from Smith and Hollibaugh 
(1997). 



Primary production in Tomales Bay is dominated 
by phytoplankton, but the seagrass Zostera marina 
contributes measurably to ecosystem metabolism 
(Fourqurean et al., 1997a). Throughout the bay, 
sediments without seagrass are colonized by a robust 
infaunal community and contribute substantially 
to ecosystem respiration (Fig. 15.9; Smith and 
Flollibaugh, 1997). Additional site characteristics 
are listed in Table 15.1. Tomales Bay was the site 
of exfensive sfudies concerning mefabolic rafes 
of various communify f 5 rpes over fhe course of a 
decade as parf of fhe Unifed Sfafes Nafional Science 
Foundation's Land Margin Ecosysfem Research 
(LMER) program. Among ofher accomplishmenfs, 
diverse sfudies af Tomales Bay provided rnsighfs 
info fhe exfemal drivers of fhe bay's mefabolism 
and accomplished perhaps fhe firsf analysis of 
inferannual variations in mefabolism by applying 
a sysfemafic mefhodology using biogeochemical 
budgefs (Section 15.3.5). This sfudy also quantified 
relafive confribufions of particular ecosysfem compo- 
nenfs fo whole-ecosysfem mefabolism (Dollar ef al., 
1991; Smifh and Flollibaugh, 1997). 

Parfifioning of fhe mefabolism of disfincf habifafs 
in Tomales Bay allowed an undersfanding of fhe con- 
fribufion of fhe various habifafs fo whole-ecosysfem 



production. Seasonal mefabolic cycles followed fhe 
seasonal femperafure cycle, wifh nef heferofrophy 
dominating during fhe July fo Sepfember period 
(Smifh and Flollibaugh, 1997). The plankfon and 
heferofrophic benfhic communifies dominafed Toma- 
les Bay mefabolism (Fig. 15.9). Alfhough plankfon 
dominafed Pg in Tomales Bay, benfhic communifies 
dominafed respiration, and nef sysfem heferofrophy 
indicafed fhaf a carbon source aside from infernal 
phyfoplankfon production musf exisf (Fig. 15.9). A 
subsequenf analysis of organic carbon imporfs indi- 
cafed fhaf wafershed inpufs (via sfream flow) and 
tidal influxes of labile organic maferial from fhe 
Pacific Ocean, associafed wifh seasonal variations 
in upwelling, confribufed abouf equally fo fhis addi- 
tional carbon (Smifh and Flollibaugh, 1997). 

This sfudy was one of fhe firsf fo emphasize 
and quanfifafively supporf fhe idea fhaf ecosysfem 
mefabolism for small esfuaries adjacenf fo regions 
of coasfal upwelling are offen sfrongly influenced 
by imporf of marine defrifal organic maffer and 
upwelling evenfs appear fo be beffer correlafed fo Pj, 
fhan fo ofher carbon sources, af leasf over parf of fhe 
time series (Fig. 15.10; Smifh and Flollibaugh, 1997). 

15.5.2 Parker River-Plum Island Sound 

Plum Island Sound is locafed af 43 °N, — 71°W on 
fhe norfheasf coasf of Massachuseffs and is fed by 
fhree rivers along ifs 24 km lengfh, including fhe 
Parker, Ipswich, and Rowley (Fig. 15.8b). The sub- 
urban wafershed is wifhin fhe Bosfon Mefropolifan 
Area, wifh abouf 40% of fhe area classified as "urban," 
and fhe wafershed refains large areas of foresf, wef- 
lands, and ponds. A bar-builf esfuary. Plum Island 
Sound exchanges wifh fhe Gulf of Maine fhrough 
a single inlef near ifs soufhem ferminus. A small 
connection between Plum Island Sound and fhe Mer- 
rimack River fo fhe norfh creafes a nef residual 
circulation from fhe ocean fo fhe Merrimack (Zhao 
ef al., 2010). The sound and river sysfem are shallow 
(mean depfh ~2 m) and vertically well-mixed (FIop- 
kinson ef al., 1999). The esfuary is fringed by tidal 
salf marshes dominafed by Spartina alterniflora and S. 
patens (Hopkinson ef al., 1999; Fig. 15.8b). The esfu- 
ary is approximafely 25 km long, wifh a tidal river 
in fhe upper half (wefland/ wafer area = 5:1) and a 
broad shallow bay in fhe lower half (wefland /wafer 
area ssl : 1). Alfhough fhe population densify in fhe 
wafershed is moderafe, a mosfly infacf riverine ripar- 
ian zone wifh exfensive weflands helps minimize 
inorganic nufrienf levels and eufrophicafion in fhe 
sysfem. In facf, dissolved organic nifrogen concen- 
frafions exceed inorganic N levels (Williams ef al., 
2004). The femperafe climafe in fhis region resulfs in 
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TABLE 15.1 Coastal systems that are highlighted as case studies in Section 15.5 



System 

Name 


Estuary 

Type 


Salinity 


Mean 
Depth, m 


Watershed 

Population 


Nutrient and Organic 
Matter Load Source 


Population density 
(people/km^) 


Chesapeake 

Bay 


Coastal 

plain 


0-30 


6.5 


-16,000,000 


Agricultural runoff, 
wastewater, 
atmospheric 


100 


Plum Island 
Sound 


Coastal 

plain, 

bar-built 


0-32 


1.4 (head) 
4.7 (mouth) 


-150,000 


Watershed runoff, 
some wastewater 


250 


The Scheldt 


Well mixed 


0.5-28 


7 (Gent) 

14 (mouth) 


-10,000,000 


Wastewater 


450 


Tomales Bay 


Lagoon 


20-35 


3 


-11,000 


Coastal upwelling, 
watershed runoff 


20 




FIGURE 15.10 Time series of (a) 1-year moving averages 
for an upwelling index on the Pacific coast and (b) net 
ecosystem respiration {R — P) in the Tomales Bay, Cali- 
fornia, USA. Data from Smith and Hollibaugh (1997) and 
reprinted with permission. The correlation between the 
upwelling index and R — P from 1991-1996 (and lack of 
correlation between watershed POC and R — P over the 
same time period) suggests that upwelling-derived organic 
inputs fuel net heterotrophy in this ecosystem. 



cold winters and mild summers, with seasonal peaks 
in discharge occurring during spring, as snow melts 
and evapotranspiration is low. Plum Island Sound 
and its associated estuaries were extensively studied 
via the United States National Science Foundation's 
long-term ecological research (PIE-LTER) program. 
This program investigated the long-term response of 
watershed and estuarine ecosystems at the land -sea 
interface fo changes in climafe, land use, and sea level. 



Mosf sfudies of fhe mefabolism of Plum Island 
Sound focused on spatial variations along fhe salin- 
ity gradient of fhe Parker River-Plum Island Sound 
(Pig. 15.11; Alderman ef al., 1995; Hopkinson ef al., 
1999). In fhis well-mixed linear sysfem, free-water 
diurnal measures of mefabolism were developed 
for fhe enfire lengfh of fhe esfuary (Vallino ef al., 
2005). Continuous measures of dissolved O 2 and/or 
TCO 2 within a 45-min period at dawn and dusk 
along the entire length of fhe esfuary enable con- 
tinuous estimates of Pg, R^, and P^, once correcfed 
for air -sea exchange (Faw)- Despife high furbidify in 
fhe upper reaches of fhe Parker River, Pg rafes in 
this region exceed those of more seaward wafers 
(Pig. 15.11; Alderman ef al., 1995; Vallino ef al., 
2005). Such high Pg, despife high turbidify, is mosfly 
due fo phytoplankton blooms during periods of low 
river runoff and consequenfly long wafer exchange 
fimes. Elevafed per-cell chlorophyll a levels in fhe 
region (phyfoplankfon increase chlorophyll a fo har- 
vesf more light in turbid conditions) combined with 
salinity-enhanced rates of benthic nutrient flux and 
shallow depfhs promofe fhese high rafes of produc- 
tion (Alderman et al., 1995; Hopkinson et al., 1999). 
Net autotrophy in these low-salinity regions during 
summer gives way to net heterotrophy in midre- 
gions of fhe esfuary (Alderman ef al., 1995; Vallino 
ef al., 2005), which is due fo down-esfuary trans- 
port of carbon info fhis region (from wafershed and 
low-salinify region) and import of labile organic maf- 
fer from fhe exfensive marshes flanking fhe esfuary. 
Alfhough pelagic respiration is relafively consfanf 
along fhe esfuarine salinify gradienf, benfhic respira- 
tion is much higher in the middle of fhe Parker l^ver 
than sites upstream and downstream (Pig. 15.1 1; Hop- 
kinson et al., 1999), comprising nearly all ecosystem 
respiration at the site. Although the midriver site 
may have received exceptional amounts of organic 
carbon from fhe adjacenf marshes, fhis site was also 



Ecosystem Metabolism Case Studies | 401 



(a) 



t200 



if 

o ^5 

O w 

s E 
.1 2" 

o o 
s E 



^ 2 
CO »- 



800 - 



400 - 



5 ^00 



^ X 



Gross primary production 



[PM|i ! 



(b) 



300 r 



Benthos 84-107% 
of total respiration 



£ 

~>j 

O 



250 - 



O 



200 - 



150 - 



100 - 



50 



Benthos 23-41% 
of total respiration 




Pelagic 



I Pelagic' 



Upper Parker River 
Low Salinity 



P5 

Mid-Parker River 
Brackish 






Community respiration 



12 18 24 30 

Salinity 



Benthos 13-31% 
of total respiration 

J~1 



Rowley 

Plum Island Sound 
High Salinity 



FIGURE 15.11 (a) Model-estimated instantaneous gross primary production (P^) and community respiration (R) at noon 

along the estuarine transect of the Parker River-Plum Island Sound estuarine system in northeastern Massachusetts, USA. 
Model data from Vallino et al. (2005). (b) Contributions of benthic and pelagic metabolism at three stations along the salinity 
gradient of the Parker River-Plum Island Sound estuarine system. The lower value in the range of benthic percentage 
contribution to total respiration is based on the fraction of total ecosystem metabolism (measured via nighttime water column 
O 2 consumption) that is contributed by benthic uptake of TCO 2 (converted to O 2 units using an RQ = 1). The upper range is 
the fraction of benthic respiration that contributes to benthic -I- water column respiration (measured in BOD bottles). Source: 
Data from Hopkinson et al. (1999). 



dominated by the soft shelled clam, Mya arenaria, 
which likely contributed significantly to the benthic 
respiration rates (Hopkinson et al., 1999). 

Continuing studies at Plum Island Sound are 
focused on modeling fhe long-ferm effecfs of climafe 
change and sea level rise on fhese processes. For 
example, one goal is fo invesfigafe fhe possibilify 
fhaf large increases in river discharge will shiff fhe 
producfivify maxima seaward because of increases 
in furbidify and respiration driven by organic maf- 
fer imporfed from fhe surrounding wafershed and 
marshes (Hopkinson and Vallino, 1995). 

15.5.3 Chesapeake Bay System 

Chesapeake Bay is locafed at 38 °N, 76 °W in the mid- 
dle of Atlantic coast of fhe United States and is fed by 
several large rivers, mosf nofably fhe Susquehanna 
River (Fig. 15.8a), which supplies more fhan half of 
fhe freshwafer flow (Kemp ef al., 2005). The femperafe 
climafe in fhis region resulfs in cold winfers and warm 
summers, wifh seasonal peaks in discharge occurring 



during spring, as snow melfs and precipifafion is 
high. A partially sfrafified esfuary, Chesapeake Bay 
is characferized by fwo-layer circulafion, including 
a seaward-flowing surface currenf and a landward- 
flowing bottom currenf. The boffom currenf generally 
moves fhrough a deep, cenfral charmel, which is 
flanked by exfensive shallow areas such fhaf approx- 
imafely 75% of fhe bay surface area is shallower fhan 
10 m (Kemp ef al., 2005). Relatively large freshwafer 
inpufs drive a sfrong longitudinal salinity gradient 
and induce stratification in the deep, central parts of 
fhe bay, which prevenfs mixing of deeper wafers wifh 
surface water and the atmosphere. Chesapeake Bay 
exchanges with the Atlantic Ocean at its southern ter- 
minus (Fig. 15.8a). Although the population density 
in the watershed is moderate, the dominance of agri- 
culfure fhroughouf much of fhe wafershed and large 
population confers (Baltimore and Washington, D.C.) 
adjacenf fo Chesapeake Bay resulf in large nufrienf 
loads fo fhe esfuary, leading to elevated nutrient lev- 
els and extensive eutrophication in the system (Kemp 
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et al., 2005). Eutrophication in this estuary has been 
reinforced by the loss of once-exfensive sedimenf- 
sfabilizing seagrass beds and wafer-filfering oysfer 
reefs fhroughouf fhe bay's shallow flafs, as well as a 
large wafershed fo wafer volume ratio (Table 15.1). 
Chesapeake Bay and ifs fribufary esfuaries were 
exfensively sfudied for over seven decades, reveal- 
ing many key processes and exfernal drivers in fhe 
bay's ecosysfem. 

One of fhe more pressing ecological concerns 
over recenf decades in Chesapeake Bay and ifs fribu- 
faries is fhe seasonal developmenf of I 0 W-O 2 wafers 
in deeper sections of fhe cenfral charmel (Hagy ef al., 
2004). Hypoxia (O 2 <20%-30% safurafion, 2 mg/1, or 
62.5 (tM) and anoxia (0% safurafion or <0.1 mg/1, 
6.25 |xM) are imporfanf consequences of human 
activities and eufrophicafion of esfuaries and bays 
worldwide. Eufrophicafion-induced h 5 rpoxia occurs 
in sfrafified coasfal sysfems fhrough nufrienf sfim- 
ulafion of surface layer phyfoplankfon production 
and sinking, which in furn leads fo stimulation of 
boffom layer respiration (Tesfa ef al., 2008; Rabalais 
and Gilberf, 2009). These mefabolic processes provide 
a link between nufrienf inpufs and seasonal deple- 
tion of boffom wafer O 2 (Kemp ef al., 2009). Hence, 
coasfal h 5 rpoxia is offen associafed wifh increases 
in ecosysfem producfion and respiration, wifh ele- 
vafed nef aufofrophy in surface layers and higher 
nef heferofrophy in underlying wafers (Kemp ef al., 
2009). Considering fhaf fhe organic matter produced 
in surface wafers supporfs much of fhe benfhic and 
plankton respiration, fhe coupling of surface pro- 
ducfion and boffom respiration is a key driver of 
boffom wafer O 2 deplefion in Chesapeake Bay and 
many similar sysfems (Rowe, 2001; Conley ef al., 
2009). 

In Chesapeake Bay, oxygen and carbon budgefs, 
as well as seasonal cycles of ecosysfem mefabolism, 
were used fo infer sources of organic maferial and 
sinks of oxygen fhaf drive h 5 rpoxia (Eig. 15.12; Kemp 
ef al., 1997). Such budgefs supporf fwo following 
primary conclusions: (i) planktonic producfion and 
respiration dominafe bay C budgefs and (ii) sur- 
face wafers (and fhe whole bay) are nef aufofrophic 
(Kemp ef al., 1997). Eurfher investigations of fhe spa- 
fial and seasonal variations in planktonic mefabolic 
balance indicate several key feafures of plankfonic 
confribufions fo particle sinking and boffom layer 
respiration. Rates of plankfonic Pg and R are lowesf 
in fhe upper bay, where high flushing and elevafed 
rates of allochfhonous organic maffer inpufs from 
fhe Susqueharma River cause lighf limifafion of Pg 
(Eig. 15.12). This region of fhe esfuary is also nef 
heferofrophic in all monfhs, as imported organic 



maffer fuels respiration over producfion (Eig. 15.12; 
Smifh and Kemp, 1995). In fhe middle and lower 
bay, elevafed lighf availabilify allows for seasonal 
peaks in Pg and R, coincidenf wifh summer peaks in 
phofos 5 mfhefically acfive radiafion (PAR) and wafer 
femperafure (Eig. 15.12). However, Pg increases more 
rapidly fhan R during fhe March fo May period, 
resulfing in spring peaks in Pg fhaf correspond fo 
fhe spring diafom bloom in fhe Chesapeake Bay 
(Pig. 15.12, green areas). A second peak in occurs in 
lafe summer, after a approximately 2-monfh period 
of nef heferofrophy during fhe crash of fhe spring 
diafom bloom and fransifion info blooms of smaller 
dinoflagellafes during July and Augusf (Pig. 15.12). 
The nef resulf of fhese spatial / femporal dynamics is 
fhaf spring and summer periods of nef aufofrophy 
in fhe middle and lower esfuary generafe fhe excess 
carbon fhaf can fuel boffom wafer O 2 consumpfion 
(Smifh and Kemp, 1995). Similar patterns exisf in 
fhe adjacenf Pafuxenf River esfuary, where biogeo- 
chemical budgef compulations (Chapfer 17) suggesf 
a spring peak in surface wafer aufofrophy and an 
extended period of nef heferofrophy in boffom wafers 
(Tesfa and Kemp, 2008). 

In sfrafified esfuaries such as Chesapeake Bay and 
fhe Pafuxenf esfuary, a "mefabolic separation" exisfs 
in which wafershed nufrienf inpufs in fhe surface 
layer stimulate excess (i.e., organic maffer produc- 
fion), some of which sinks fo boffom layers where 
nef respiration (e.g., organic maffer consumpfion) 
prevails. Consequenfly, surface layer P^ in fhese esfu- 
aries correlafes sfrongly wifh fhe sinking of organic 
maferial and subsequenf boffom layer respiration. In 
fhe Pafuxenf River, surface layer Pj, peaks in spring 
(Tesfa and Kemp, 2008) when nufrienf inpufs are high 
and femperafure (and fhus respirafion) is relafively 
low; fhis is fhe period of fhe conventional "spring 
bloom" in temperate esfuaries. Boffom layer respi- 
rafion (wafer column and sedimenfs) lags behind 
fhe period of peak surface layer P^, as respirafion is 
delayed until June- Augusf, when femperafure peaks. 
Alfhough surface layer P^^ declines over fhis summer 
period as respirafion increases, surface and boffom 
layer P^^ are proportional fo each ofher over armual 
time scales (Tesfa and Kemp, 2008). 

In fhe main-stem Chesapeake Bay, P^ in fhe sur- 
face layer correlafes wifh measuremenfs of sinking 
POC capfured in sedimenf fraps (Pig. 15.13). Thus, 
bofh fhe amounf of POC sinking fo boffom wafers 
and fhe resulfing respirafion rafes appear fo be pro- 
porfional fo excess C producfion in surface wafers 
(Pig. 15.13). Similarly, Pj, measured in mesocosms 
of fhe Narraganseff Bay correlafed sfrongly wifh fhe 
producfion of flocculenf organic maferial. Bofh P^ and 
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FIGURE 15.12 (a) Steady state organic carbon budget for the main stem of the Chesapeake Bay, including biogeochemical rates and physical transports (Data 

from Kemp et al., 1997). (b) Seasonal distribution of and R for the main stem of the Chesapeake Bay in the upper, middle, and lower regions of the Bay. The 
upper estuary is net heterotrophic, while the middle and lower Bay are progressively net autotrophic, with March to May (the spring diatom bloom) and July to 
September (picoplankton dominated) periods dominating the net production. 
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flocculent production were stimulated by inorganic 
nitrogen additions (Fig. 15.13). Additional inputs of 
dissolved silica (DSi) further enhanced the floccu- 
lent material production per unit P^. This occurred 
because diatoms tend to rapidly take up nutrients and 
their large cells lead to rapid organic matter accumu- 
lation, which is much like their growth in natural 
estuaries during the spring bloom (Fig. 15.13). These 
examples illustrate how elevated nutrient inputs to 
coastal systems around the globe stimulates the pro- 
duction and subsequent consumption of organic maf- 
fer, causing O 2 deficiencies in fhe boffom wafers of fhe 
Chesapeake Bay and many ofher ecosysfems (Kemp 
ef al., 2009). 

15.5.4 Scheldt Estuary 

The Scheldf esfuary is locafed af 51 °N, 4 °W in 
norfhern Europe, and ifs 19,500 km^ wafershed cov- 
ers parfs of France, Belgium, and The Nefherlands 
(Fig. 15. 8d; Gazeau ef al., 2005c). The Scheldf and ifs 
delfa include easfem and wesfem secfions (Oosfer- 
schelde and Wesferschelde). The river Scheldf con- 
fribufes fhe majorify of freshwafer fo fhe esfuary, 
which empfies info, and exchanges wifh, fhe soufh- 
ern parf of fhe Norfh Sea (Fig. 15. 8d). The femperafe 
climafe in fhis region resulfs in cold winters and mild 
summers, with seasonal peaks in discharge occur- 
ring during spring. Because tidal currents are strong, 
the estuary is well-mixed, with axial salinity rang- 
ing from 0.5 fo 28. The mean depfh of fhe esfuary 
varies along ifs axis, from 7 m near Ghent and 14 m 
near the mouth. The watershed includes the Belgian 
cities of Antwerp and Ghenf, and fhe fofal wafershed 
populafion approaches nearly 10,000,000 people. As 
a resulf of high human populafion densifies (450 
people/km^), the Scheldt estuary is one of fhe mosf 
pollufed rivers in Europe, receiving large quantifies 
of nufrienfs and organic maffer from agriculfure and 
wasfewafer sources (Gazeau ef al., 2005c; Soefaerf 
ef al., 2006). Owing fo fhe high level of anfhropogenic 
disfurbance in ifs wafershed, fhe Scheldf esfuary pro- 
vides a useful example of fhe effecfs of pollufion on 
mefabolism. 

Alfhough fidal flafs flank fhe main esfuary chan- 
nel in the lower reaches of fhe esfuary, fhe Scheldf 's 
mefabolism is dominafed by phyfoplankton and bac- 
feria along mosf of ifs axis. Despife fhe facf fhat fhe 
Scheldf is highly furbid, nef phyfoplankfon produc- 
fion occurs along fhe lengfh of fhe esfuarine axis and 
peaks occur in low-salinify regions of fhe esfuary and 
near the seaward terminus (Eig. 15.14; Gazeau et al., 
2005c). Interestingly, net phytoplankton production 
has been found fo be possible in ofher well-mixed, 
highly furbid esfuaries, where nufrienf limifafion is 



absent (DIN >200 pM, DIP >5 pM) and water depth 
is shallow enough to allow phytoplankton to access 
light for sufficienf amounfs of fime. 

Flowever, owing to high inputs of relafively labile 
organic maffer from wasfewafer freafmenfs planfs 
(Soefaerf ef al., 2006) and wafershed runoff, bacferial 
respirafion is high, leading fo highly heferofrophic 
nef ecosysfem mefabolism (Eig. 15.14; Gazeau ef al., 
2005c). Nef respirafion peaks in low-salinify wafer, 
where organic maferials accumulafe because of close 
proximify fo wasfewafer discharges and physical 
forces (Eig. 15.14). Consequently, despite extremely 
high levels of inorganic nufrient inpufs fo fhe Scheldf, 
fhe sysfem is nef heferofrophic, because of high levels 
of respirafion of imported organic matter combined 
with light limitation of algal growfh (Kromkamp and 
Van Engeland, 2010). Thus, fhis esfuary does nof fif 
fhe relafionship between Pj^ and fhe rafio of DIN /TOC 
(fofal organic carbon) fhat characterizes many tem- 
perate estuaries that are primarily nutrient limited 
(Eig. 15.5). 

In addition to high organic matter inputs, exten- 
sive nutrient inputs to the Scheldt may have reduced 
primary production and promoted heterotrophy. 
Extremely high wastewater NFI^ inputs causes 
extremely high NHj concentrations in the freshwater 
region of fhe esfuary (>900 pM; Eig. 15.15). Af 
fhese levels, NH^ is toxic fo algae, leading fo fhe 
inhibifion of phofos 5 mfhesis and fhe resulfanf low 
levels of chlorophyll a in fhe esfuary (Eig. 15.15; 
Cox ef al., 2009). As managemenf acfions reduced 
NFI^ concenfrafions in fhe Scheldf over fhe pasf 
fwo decades, chlorophyll a concenfrafions fripled 
(Soefaerf ef al., 2006; Cox ef al., 2009). Anofher 
consequence of fhe high NH^ is fhe sfimulafion 
of nifrificafion under oxic conditions. Nifrificafion- 
based O 2 demand caused h 5 rpoxia fhroughouf much 
of fhe inner Scheldf esfuary, which may have furfher 
inhibifed phofos 5 mfhesis in the 1960-1990 period 
(Soetaert et al., 2006). Nitrification, however, is a 
chemoautotrophic process that generates organic 
material; thus unlike many estuaries, high NFl^ 
concentrations support nitrification at sufficient rates 
to contribute to carbon production (just as Pg) in the 
Scheldt (Eig. 15.15; Gazeau et al., 2005c). It is unclear 
how the balance between NH^ -driven reductions in 
photos 5 mthesis and NFI^ -driven nitrification-based 
carbon production has changed P„ over the past 
50 years. Gonsidering the tendency for nef heferofro- 
phy in this system in all seasons, potential shifts 
toward elevated autotrophy over time would surely 
have been overwhelmed by high respiration rates 
(Eig. 15.15). 
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FIGURE 15.13 Correlations between net ecosystem production and indexes of organic particle formation in (a) the Chesapeake 
Bay, where net plankton production is highly correlated to sediment trap collection rates (Boynton and Kemp, unpublished 
data) and (b) MERL mesocosms, where net ecosystem production is highly correlated to the accumulation of organic floes 
(Oviatt et al., 1993). 



15.6 CROSS-ECOSYSTEM 
COMPARISONS 



Over the past two decades, a few efforts have exam- 
ined the state, d 5 mamics and drivers of ecosystem 
metabolism across many different ecosystems. In this 
section, we review a few examples of cross-system 
comparisons of coastal ecosystem metabolism and 
the lessons learned from the efforts. 



15.6.1 Trophic State and Dominant 
Controls 

Under the auspices of the Land-Ocean Inter- 
actions in the Coastal Zone program (LOICZ, 



http://www.loicz.org/, a project of the Inter- 
national Geosphere-Biosphere Program, IGBP), 
a major scientific effort was to compile carbon, 
nitrogen, and phosphorus data for coastal systems 
around the world and apply the data to con- 
struct carbon and nutrient budget models using 
a consistent and relatively simple methodology 
(http://nest.su.se/mnode/). Among other system 
properties, these analyses produced estimates of net 
ecosystem production, based on the net nonconser- 
vative production of inorganic phosphorus (Smith 
et al., 2005; Section 15.3.4). As a result, comparable 
estimates of P„ were made for approximately 200 
ecosystems across the globe, and analyses of these 
estimates provided key insights into the global 
trophic tendency of coastal systems, as well as 
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FIGURE 15.14 Distribution of Pg and P^ (of plankton community) along the salinity gradient of the Scheldt estuary. Open, 
maroon squares are measured in 2003 (Gazeau et al., 2005c) and are compared to modeled rates (filled, red squares) 
from Soetaert and Herman (1995). Blue circles are the measured Pg rates from Kromkamp and Peene (1995) and green circles 
are the measured Pg rates from 2003 (Gazeau ef al., 2005c). Source: Figure adapted from Gazeau et al. (2005c). 



insight into patterns and controls of ecosystem 
metabolism. 

The system-wide S 5 mthesis of LOICZ rates 
for approximately 200 coastal ecosystems across 
the globe (Smith et al., 2005) revealed that the net 
metabolism of these estuaries and bays tends to be 
close to zero and that slightly more systems were 
autotrophic than heterotrophic (Fig. 15.16). This ten- 
dency toward net autotrophic ecosystems may reflect 
the rapid global expansion of coastal eutrophication, 
driven primarily by inorganic nutrients from runoff 
of agricultural fertilizers and from secondary-treated 
sewage, which would favor primary production 
over respiration. Despite the impressive number of 
systems analyzed in LOICZ, the sample size is still 
too small to infer generalizations about the tendency 
for estuaries to be net autotrophic or heterotrophic 
on a global scale. The fact that other studies have 
found estuaries to be generally heterotrophic (Borges 
and Abril, 2011) suggests that the metabolic state 
of any particular estuary is specific not only to 
its watershed, climate, and bathymetry but also 
to the particular season and year in which the 
measurements were made, with their characteristic 
human impact and year-specific climatic regime. 
Although many coastal systems across the world are 
receiving large inputs of inorganic nutrients, the large 
number of systems characterized by heterotrophic 
metabolism suggests that (i) organic matter inputs 
from surrounding watersheds and wetlands tends 



to fuel high respiration rates and that (ii) charac- 
teristically high turbidity in estuaries often restricts 
photos 5 mthesis. For example, a recent comparative 
analysis of coastal ecosystem metabolism (Caffrey, 
2004) suggested a predominance of heterotrophic 
systems, most of which were flanked by mangrove 
or marsh ecosystems, which tend to export large 
amounts of relatively labile organic matter. 

15.6.2 Eutrophication Effects on 
Metabolism 

As discussed in Section 15.4, ecosystem metabolism 
has been shown to respond strongly to a wide range 
of anthropogenic disturbances to coastal systems 
including increases in inputs of toxic contaminants, 
suspended sediments, inorganic nutrients, and labile 
organic matter. In this chapter, we have empha- 
sized how measurements and calculations of coastal 
ecosystem net production (P^,) are useful for distin- 
guishing the relative importance of external inputs of 
inorganic nutrients versus labile organic matter. The 
former tends to increase while the latter drives 
negative. In several important papers in the 1990s, 
budgets (Smith and Hollibaugh, 1993) and data syn- 
theses (Heip et al., 1995) were used to understand 
the trophic state of the coastal zone. It was suggested 
that the coastal zone was net heterotrophic, because 
of high inputs of organic matter from adjacent water- 
sheds, marshes, and human population centers. These 
analyses emphasized that estuaries, despite being net 
heterotrophic, were also highly productive because 
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FIGURE 15.15 (a) Annual mean components of metabolism in the inner Scheldt estuary (data from Gazeau et al., 2005c). 

The data indicate a high level of community respiration, because of high organic matfer inputs rates to this system and also 
a normegligible contribution of nitrification (a chemoautotrophic process) to organic carbon production in the estuary, (b) 
Time series of NH4 and chlorophyll a concentrations averaged over the tidal freshwater region of the Scheldt estuary from 
1967 to 2008 (inset is correlation between the annual data, which are from Cox et al. (2009) and sources cited within). High 
NH4 concentrations prevailed through the mid-1990s, until management actions dramatically reduced NH^ concentrations 
after 2000. 



primary production tends to be stimulated by nutri- 
ents regenerated from respiration of imported organic 
matter (Smith and Hollibaugh, 1993; Heath, 1995; 
Heip et al., 1995). This initial perception was likely 
influenced by the t 5 rpes of systems included in this 
analysis, which included few deep, eutrophic estuar- 
ies (Fig. 15.17). Organic matter-enriched watersheds 
are those impacted by human perturbation, and some 
are naturally impacted by high organic matter loads 
and display a negative relationship between Pg and 
P^. Systems with increasingly negative (higher 
respiration) are associated with higher nutrient rem- 
ineralization rates to fuel elevated Pg (Smith and 
Hollibaugh, 1993). This is also true for the shallow, 
turbid systems analyzed by Caffrey (2004), many 
of which are flanked by tidal marshes ("Shallow, 
marsh-flanked") or other ecosystems that tend to 
export organic material. For eutrophic systems with 
elevated nutrient inputs and relatively high light 



availability, P^ is positively related to Pg because 
nutrient loads stimulate Pg. A 1000-year simulation 
of organic inputs and metabolism for the coastal zone 
(blue circle) includes low rates but follows the pat- 
tern for marsh-flanked ecosystems (Ver et al., 1994). 
Because forests tend to conserve inorganic nutrients, 
but often export DOC and POC from plant debris 
and soil materials, drainage from forested or dis- 
turbed watersheds would tend to support moderately 
heterotrophic estuaries (Fig. 15.17). Estuarine waters 
that are surrounded by tidal marshes and mangroves 
tend to be even more heterotrophic despite high Pg, 
given the high nutrient regeneration from substantial 
labile DOC and POC exports from those wetlands 
(Fig. 15.17). Conversely, in plankton-dominated estu- 
aries receiving high levels of inorganic nutrients but 
moderate levels of organic matter, nutrient-driven 
increases in Pg would tend to cause elevated P„ 
(Fig. 15.17). As human populations and impacts of 
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FIGURE 15.16 Frequency distribution of Pj, derived from computations of the net nonconservative production rates of 
dissolved inorganic phosphorus from budget estimates for coastal systems around the world. Rates are from Smith et al. 
(2005) based on the LOICZ biogeochemical budget model analysis. 
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FIGURE 15.17 Relationships between net ecosystem pro- 
duction (Pj^) and gross primary production (Pg) for ecosys- 
tems under various land use and anthropogenic impacts. 
Source: Data from reported values in the literature (Nixon 
and Pilson, 1984; Oviatt et al., 1986; Smith and Hollibaugh, 
1993; Ver et al., 1994; Kemp et al., 1997; Caffrey, 2004; and 
Testa, unpublished). 



land use continue to grow and develop, the future 
trajectory of mefabolic balance in coastal ecosystems 
is unclear. 

As just mentioned, a number of publicafions 
have linked elevated to increases in inorganic 
nutrient inputs (Oviatt et al., 1986; Testa et al., 
2008). Such increases are expected for relafively 
dear-water systems that are generally nutrient 
limited. The consequences of elevated in the face 



of global increases in anfhropogenic nufrienf inpufs 
include elevated carbon fluxes from coastal surface 
wafers to adjacent ecosystems. A primary sink for 
excess carbon production in surface wafers is fhe 
underlying bottom waters, and eutrophication has 
been linked to increasing bottom water and sediment 
respiration rates, and associated depletion of O 2 
(Kemp ef al., 2009). Thus, elevated nutrient inputs 
not only increases surface wafer P^ buf also enhances 
mefabolic processing wifhin the whole ecosystem, as 
fresh organic material is respired at higher rates. 

15.6.3 Coastal Ecosystems and Global 
Carbon Balance 

Several ongoing research efforts have used measure- 
ments and/or computations of ecosysfem mefabolism 
to examine the contribution of coasfal ecosysfems to 
the global balance of carbon dioxide. Such analy- 
ses quantify fhe nef fluxes of CO 2 , the extent to 
which these systems are net sources or sinks, and 
how their metabolism might influence atmospheric 
CO 2 and associated climatic changes. It is inher- 
ently difficult to make these calculations for many 
reasons including (i) dafa musf be dependable and 
cover adequate temporal and spatial scales, (ii) errors 
associated with extrapolating these measurements to 
large scales are uncertain but can be substantial, (iii) 
the wide diversity of coasfal systems and associ- 
ated metabolic characteristics makes generalizations 
especially difficult, (iv) physical transport terms in 
CO 2 and O 2 budgets are often uncertain and much 
larger than the metabolic terms, and (v) the lability 
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of organic material in these budgets is rarely quan- 
tified. Despite these difficulties, various estimates of 
metabolic balances in coastal zones have provided 
interesting perspectives on coastal contributions to 
global CO 2 dynamics (Crossland et al., 1991; Smith 
and Hollibaugh, 1993; Duarte et al., 2005; Borges and 
Abril, 2011). 

Early budgets of the global CO 2 balance sug- 
gested that the net metabolism of the world's oceans 
represents a major sink for atmospheric CO 2 (Wood- 
well and Pecan, 1973), and subsequent measurements 
suggested that vertical sinking of surface water net 
production of organic matter could by an impor- 
tant mechanism drive this sink. Subsequent analyses 
using bottle incubations (Duarte and Augusti, 1998; 
Williams, 1998) and ocean-scale distributions of sur- 
face CO 2 and O 2 partial pressures (Najjar and Keeling, 
2000; Takahashi et al., 2002; Cai et al., 2006) have 
revealed strong seasonal and regional variations in 
oceanic suggesting a variable trophic state for 
the open ocean. Regardless of the magnitude and 
sign of global ocean P^, computations of integrated 
net metabolic rates for particular coastal biomes pro- 
vide a perspective on their potential contributions 
to CO 2 balance in the global ocean or in specific 
ocean basins. For example, estimates for coral reef 
metabolism indicated that their global gross produc- 
tion amounts to approximately 2% of oceanic net 
production; however, for coral reefs comprises 
approximately 0.05% of net biological CO 2 influx in 
the global ocean (Crossland et al., 1991). More impor- 
tantly, as calcification in coral reefs generates CO 2 , 
the biological and geochemical processes on coral 
reefs generate a net efflux of CO 2 to the atmosphere 
on the order of 0.02-0.08 Gt C y^^ (Ware et al., 1991). 
The combined P„ for all shallow vegetated habitats 
in the coastal ocean (e.g., mangroves, salt marshes, 
seagrass, macroalgae) is estimated to exceed that of 
the pelagic ocean, and the computed carbon burial in 
these vegetated biomes approximates that estimated 
for the entire open ocean (Duarte et al., 2005). This 
analysis suggests that these shallow vegetated habi- 
tats play a critical role in maintaining the oceanic sink 
for atmospheric CO 2 . However, C burial in vegetated 
coastal sediments has been and is likely to continue 
to decrease substantially in the future in conjunction 
with global warming, sea-level rise, and continued 
reclamation of wetlands (Hopkinson et al., 2012). 

In contrast, early budgets comparing land-sea 
carbon transport to carbon burial suggest that the 
coastal zone is a net source of CO 2 to the atmosphere 
(Smith and Hollibaugh, 1993). This conclusion is sup- 
ported by recent meta-analyses (Borges and Abril, 
2011). However, recent studies applying air -sea gas 



exchange measurements of P^ have concluded that 
net heterotrophy in estuaries and coastal bays (i.e., the 
"narrow oceanic fringe") is counterbalanced by net 
autotrophy in continental shelf ecosystems, thereby 
preserving the ocean's status as a net sink for CO 2 
(Borges and Abril, 2011). Recent studies suggest that 
continental shelves at mid to high latitudes are net 
sinks for atmospheric CO 2 , but a net source in lower 
latitudes, where higher temperatures enhance respi- 
ration of terrestrial inputs of organic material in the 
tropics (Cai et al., 2006). 



15.7 METABOLIC RESPONSES 
TO CLIMATE CHANGE AND 
VARIABILITY 



Climatic change and variability are expected to alter 
both respiration and primary production of aquatic 
ecosystems through a variety of mechanisms and 
pathways. Although it is widely expected that the 
climate of Earth system will change over the next 
century, the anticipated magnitude and nature of 
these changes varies widely depending on geographic 
location and modeling approach. Most model pre- 
dictions of global climate change, however, predict 
regional increases in ambient temperature, shifts in 
precipitation and storm frequency (Mulholland et al., 
1998, Chapter 20), and increased acidity of the ocean 
(Hoegh-Guldberg et al., 2007). 

These changes in watershed land use and climatic 
and biogeochemical conditions are all likely to alter 
regional and global rates and balances between P and 
R (Hopkinson and Vallino, 1995). Elevated precipita- 
tion would tend to increase ecosystem production in 
temperate, deeper estuaries due to increased stream 
flow and associated nutrient delivery (e.g., Justiae 
et al., 2003), as well as reduced estuarine exchange 
time (Hagy et al., 2000; Smith et al., 2005). Elevated 
freshwater runoff associated with climatic events 
may, however, lead to more net heterotrophic condi- 
tions in shallow lagoons (Russell et al., 2006) and 
estuaries receiving high carbon loads from adja- 
cent marshes or rivers (Jiang et al., 2008). Elevated 
temperature is expected to increase rates of evapo- 
transpiration, which may balance or exceed increases 
in precipitation, causing reduced runoff. Conversely, 
changes in atmospheric pressure fields and asso- 
ciated wind patterns could decrease the intensity 
of upwelling-induced ecosystem production along 
many coastal shelf areas (e.g., Barth et al., 2007); 
changing winds could also contribute to changes in 
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stratification strength, as well as bottom O 2 pools and 
respiration rates. For example, historical analysis of 
Pj, esfimafed for European coasfal shelf communi- 
fies revealed a posifive relafionship wifh climafe- 
induced vertical mixing (Heath and Beare, 2008), 
while climate-induced changes in vertical mixing 
were associated with a decadal scale increase in sub- 
surface in the North Pacific (Emerson ef al., 2004). 
Loss of coral reefs associated with ocean acidifica- 
tion could greatly diminish metabolic rates in these 
important ecosystems, but knowledge about coral 
reef resilience and climafe-induced species shiffs is 
lacking. Also, if is uncerfain whaf alternative primary 
producer communities might replace corals. Because 
photos 5 mthesis is generally less sensitive to tempera- 
ture than respiration, global temperature increases 
will likely lead to lower P„ in the coastal ocean 
via elevated respiration (e.g., Lopez-Urrutia et al., 
2006; Harris et al., 2006). Other estuarine studies have 
linked elevated temperatures to reduced spring phy- 
toplankton biomass, as temperature increases stim- 
ulated zooplankton grazing (Van Beusekom et al., 
2009). In the open ocean, elevated temperature will 
likely decrease phytoplankton production, in part by 
enhancing stratification and reducing the mixing of 
nufrienfs info fhe phofic layer (Behrenfeld ef al., 2006). 

Alfhough if is clear fhaf climafe change will 
have significanf impacfs on organic matter produc- 
fion and consumpfion, the magnitudes, trajectories, 
and geographic distributions of fhese changes are 
poorly understood. The lack of undersfanding of 
fhese mefabolic consequences of climafe change is 
disfressing, particularly because of fhe pofenfial for 
posifive and negative feedbacks fhaf could reinforce 
or sfabilize climafic changes. Eufure empirical and 
modeling sfudies should focus on improving knowl- 
edge abouf how rates and balance in ecosystem 
mefabolism will respond fo changing environmen- 
tal conditions and alter the nature of esfuaries and 
ofher aquafic environmenfs. 

15.8 CONCLUSIONS 



Ecosysfem mefabolism represenfs an imporfanf mea- 
sure of frophic sfafus of esfuarine and coasfal regions, 
reflecfing fhe combined cafabolic and anabolic pro- 
cesses of all biological componenfs of an ecosysfem. 

A wide variefy of mefhods are available fo mea- 
sure differenf processes fhaf confribufe fo ecosysfem 
mefabolism, ranging from continuous incubations to 
open-water changes in O 2 or TCO 2 to mass balance 
and model calculations. Each method has its own 
advantages and disadvantages. 



Photos 5 mthetic components of ecosysfem mefa- 
bolism are primarily driven by sunlighf, wafer clarify, 
nufrienf availabilify, femperafure, fhe presence of 
foxic contaminanfs, and wafer exchange time. 

Respiratory componenfs of ecosysfem mefa- 
bolism are primarily driven by femperafure and 
organic maffer quanfify and qualify buf are also 
influenced by water exchange time, especially when 
considering an entire system. 

The magnitude and variability of ecosysfem 
mefabolism differs among coasfal ecosysfems, in 
response fo wafer depfh, species composition, and 
external organic maffer sources, as well as fo climatic 
controls and human perturbations. 

Cross-system comparisons indicate a strong 
tendency for — 0, buf fhaf coasfal ecosysfem 
mefabolism varies widely befween aufofrophic 
and heferofrophic conditions. Shallow clear- wafer 
systems and larger open-wafer systems receiving 
high loads of inorganic nufrienfs relative fo organic 
matter fend fo be aufofrophic. Enclosed, poorly 
flushed, and furbid ecosysfems adjacenf fo weflands 
or receiving high loads of anfhropogenic organic 
material fend fo be heferofrophic. 

Eufure increases in coasfal eufrophication will 
stimulate organic carbon production and likely push 
coastal ecosystems toward net autotrophy. 

The effects of fufure climafic changes on ecosys- 
tem metabolism are uncertain. Alterations in precip- 
itation, evapotranspiration, river flow, femperafure, 
and afmospheric circulation could inferacf fo cause 
large changes in coasfal mefabolism, eifher toward 
more aufofrophic or heferofrophic condifions. 

Eufure research should continue mefhod- 
ological developmenf, while pushing for furfher 
invesfigafions info how global environmenfal 
changes will affecf mefabolic balance in coasfal 
ecosysfems. 
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ESTUARINE FOOD WEBS 

James D. Hagy III and W. Michael Kemp 



16.1 INTRODUCTION 

Estuaries provide habitat for abundant plants, ani- 
mals, and microorganisms, ranging from microscopic 
plankton (bacferia, yeasfs, algae, profozoa) to larger 
benfhic and pelagic organisms (seagrass, clams, crabs, 
sea frouf, pelicans and dolphins). Esfuarine biofa can 
be characferized in a variefy of ways including by 
faxonomy (e.g., algae, crusfaceans, flounder), ecolog- 
ical funcfion (e.g., primary producers, decomposers), 
and habifat and/ or "niche" (e.g., benfhic suspension 
feeders). These groupings are offen fhe subjecf of 
disfincf disciplines within estuarine ecology, whereas 
food web ecology examines their arrangements and 
interactions as a whole. Eeeding habits are an inte- 
grative way to organize interactions among a diverse 
spectrum of organisms and funcfional groups, creaf- 
ing food webs. Like many areas of esfuarine ecology, 
food web ecology developed firsf elsewhere and was 
later applied fo esfuaries. Imporfanf early sfudies in 
fhe field (Lindeman, 1942) focused on lakes. Early 
sfudies also examined planktonic food webs in fhe 
open ocean and inferacfions involving ocean fisheries 
(Ryfher, 1969; Pomeroy, 1974). In fhis chapfer, we 
examine some of fhe terminology, concepfs, fheory, 
and models fhaf are used in fhe sfudy of food webs 
in general and in food webs of esfuaries in particular. 

16.1.1 Food Chains and Food Webs 

The transfer of food from fhe source fhrough a series 
of organisms or groups of organisms eating each 



ofher has been referred fo as a food chain (Elfon, 
1927). Eigure 16.1 shows a simple food chain using 
energy sysfems language (Odum, 1967). Af fhe base 
of fhe chain are fhe primary producers, depicted 
wifh a "bullef" symbol. In an esfuary, fhe primary 
producers could be phyfoplankfon or ofher planfs 
such as seagrasses, marsh vegefafion, and benfhic 
algae. Primary producers require inpufs of mafter 
and energy from exfemal sources (depicfed wifh a 
circle symbol). Arrows represent flows of eifher mass 
or energy, firsf fo fhe herbivores and fhen fo fhe car- 
nivores, bofh of which are represented by hexagon 
symbols. Only a portion of fhe mass or energy pro- 
duced in one comparfmenf is fransferred fo fhe nexf, 
fhe remainder being fransferred ouf of fhe food chain 
as exporf or emigrafion or dissipated as respiratory 
end producfs. In ecology, fhe term trophic (from fhe 
Greek word trophikos) refers fo feeding or food. Thus, 
a group of organisms fhaf are considered fogefher 
because fhey are similar in fheir feeding habifs and 
relationships may be called a trophic group. Transfers 
from one frophic group fo anofher are called trophic 
transfers. Trophic level indicafes fhe average number 
of frophic fransfers required for food (measured as 
energy, nufrienfs, or organic maffer) fo reach fhe 
group sfarfing from fhe primary producers, which 
are considered frophic level 1. In Eigure 16.1, fhe 
frophic groups are af frophic levels 1, 2, and 3. 

Rarely are frophic interacfions (i.e., feeding 
interacfions) as simple as depicfed by a short food 
chain (Eig. 16.1). In mosf ecosysfems, organisms feed 
on many different foods, offen including bofh planfs 
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FIGURE 16.1 A simple food chain with three trophic levels 
illustrated using energy systems language (e.g., Odum, 
1967; Odum, 1971). Arrows indicate transfer of matter or 
energy. Circles indicate inputs, which could include matter, 
such or nutrients, or energy. A “bullet" symbol indicates a 
primary producer, whereas hexagons indicate consumers. 
Horizontal lines (i.e., electrical "ground" symbols) indicate 
energy dissipation or recycling. 

and animals, and this is particularly true for estuarine 
ecosystems. As our understanding of trophic relation- 
ships has increased, it has become necessary to think 
of trophic interactions as a- food web rather than as a 
branching collection of food chains. One major reason 
is omnivory, which refers to the habit of consuming 
more than one t5rpe of food and potentially foods at 
different trophic levels. Species exhibiting omnivory 
are referred to as omnivores and are said to be omniv- 
orous. A simple diagram of a food web (Fig. 16.2) 
illustrates omnivory and how it links food chains 



together into a web. An increased appreciation of 
the importance of recycling nonliving organic matter 
(food energy), or detritus, is another reason for think- 
ing of trophic relationships in estuaries in terms of a 
food web. Organic matter from either inside or out- 
side an ecosystem may cycle several times between 
living organisms and detritus before being exported 
or dissipated through respiration. Early ecologists 
used the term food cycle to refer to these repeating 
or cycling flows of matter and energy. Detritus may 
be particularly important in estuaries because these 
ecosystems often receive significant inputs of organic 
matter from upstream terrestrial and freshwater 
ecosystems as well as from the coastal ocean. 

16.1.2 Functional Groups and Trophic 
Guilds 

Various terms are commonly used to describe the 
functional roles of organisms within food webs. 
Primary producers, also known as autotrophs, capture 
energy from an external source, usually the sun, 
to S5mthesize organic matter from carbon dioxide. 
Producers that use photos5mthesis to generate 
organic matter are known as photoautotrophs. Because 
light is usually abundant in estuaries, photos5mthesis 
tends to be by far the dominant organic matter source 




FIGURE 16.2 Energy flow in the North Sea food web (Steele, 1974) illustrating the complexity of a more realistic, but still 
simple, food web aggregated by ecological function rather than taxonomy. Some predators (e.g., demersal fish) consume 
prey from several prey groups. Similarly, some groups (e.g., pelagic herbivores, macrobenthos) are consumed by several 
different consumers. Source: Redrawn based on Ulanowicz and Kemp (1979). 
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to estuarine food webs. Chemoautotrophs use energy 
available from reduced inorganic chemical subsfrafes, 
such as reduced sulfur compounds, fo S 5 mfhesize 
organic maffer. Alfhough fhere are enfire food webs 
(e.g., in the deep sea) based on chemoautotrophy, it 
is much less important than photoautotrophy in estu- 
aries. Consumers, also known as heterotrophs, obtain 
nutrition by consuming organic matter. Neglecting 
omnivory for fhe momenf, consumers can be 
cafegorized according fo fheir predominanf frophic 
posifion relafive fo producers or defrifus. Organisms 
funcfioning as primary consumers (1 ° consumers) are 
herbivores fhaf consume primary producers direcfly. 
Secondary consumers (2° consumers) are carnivores 
fhaf consume fhe primary consumers. Trophic 
posifions can also be defined for higher-order con- 
sumers (e.g., 3°, 4°). Mixotrophs meef fheir nufrifional 
and energy requiremenfs fhrough a combinafion of 
aufofrophy and heferofrophy, for example, grazing fo 
obfain nufrienfs and ufilizing primary producfion fo 
support energy requirements (Anderson et al., 2008). 

These idealized trophic positions become some- 
what blurred in real food webs, which include omni- 
vores. For example, suppose fhaf a group of organ- 
isms consume phytoplankton (a primary producer, 
trophic level = 1) as well as herbivores that graze 
on phytoplankton cells. This group would function 
as both a primary consumer (trophic level = 2) and 
a secondary consumer (trophic level = 3). Ecologists 
can determine a fractional or average trophic level 
by weighting, or apportioning, the feeding of fhe 
consumer fo frophic levels 2 and 3. Supposing fhaf 
if obfained 75% of ifs intake from phytoplankton 
directly and the rest from fhe ofher secondary con- 
sumer species, ifs average frophic level would be 2.25 
[= (0.75 X 2) -t- (0.25 X 3)], fhe mean frophic level af 
which fhe organism is feeding. The concepf of frac- 
fional frophic levels has proved fo be very useful 
for analyzing frophic relafionships in esfuarine food 
webs. As one example, fhe mean frophic level can be 
used fo esfimafe how much primary producfion is 
needed fo supporf a given producfion of consumers, 
or fo consider fhe impacf of human acfivifes such as 
fishing on frophic sfrucfure (e.g., Pauly and Chris- 
tensen, 1995; Pauly ef al., 1998; Knighf and Jiang, 
2009). 

Trophic guilds provide anofher useful way fo 
describe fhe role of a group of organisms (Fig. 16.3) 
within a food web. These terms describe how fhe 
organisms feed, or on whaf f}q5e of food, wifh varying 
levels of specificify. For example, scavengers are detriti- 
vores fhaf consume nonliving organic maffer obfained 
from carcasses of dead animals. Imporfanf frophic 
guilds in esfuaries include planktivores (plankton 




FIGURE 16.3 Estuarine species belonging to several trophic 
guilds, (a) The polychaete worm Nereis succinea is a gener- 
alist benthic deposit feeder that consumes small organisms 
near the sediment surface, (b) Bay anchovy (Anchoa mitchilli) 
is a small planktivore. (c) Atlantic menhaden (Brevoortia 
tyrannus) is a suspension feeding fish that consumes plank- 
ton. (d) The blue crab (Callinectes sapidus) is a benthic 
predator. 

eaters), benthivores (consumers of boffom dwelling 
animals), andpiscivores (fish eaters). Suspension feeders 
comprise a guild fhaf obfains food by filtering ouf 
plankton and ofher small parficles suspended in fhe 
wafer. Esfuarine food webs may include bofh benfhic 
suspension feeders, such as oysters or mussels, and 
pelagic suspension feeders, including specialized 
fish (e.g., Aflanfic menhaden Brevoortia tryannus, 
sfriped mullef Mugil cephalus) or plankton such as the 
appendicularian Oikopleura dioica (Thomson, 1966; 
Alldredge, 1981). Deposit feeders ingest sediments, 
extracting the available nutrition and energy in the 
form of algae, bacferia, profozoa, or defrifus. Feeding 
habifs of some fish and invertebrates can change 
either with size and age (i.e., ontogenetically) or 
according to environmental conditions (Kanou et al., 
2004). Others, such as the clam Macoma balthica, can 
switch feeding guild (e.g., from suspension feeding 
fo deposif feeding) depending on fhe availabilify of 
differenf foods (Hummel, 1985). 
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FIGURE 16.4 A small purse seine vessel encircled a school 
of Gulf menhaden (Brevoortia patronus) near Pascagoula, 
Mississippi in June 1968. Source: Photo by R. K. Brigham, 
US National Oceanic and Atmospheric Administration. 



16.1.3 Trophic Efficiencies 

Efficiencies wifh which organisms assimilafe food, 
grow, and fransfer energy fo organisms af higher 
frophic levels are imporfanf measures of food web 
sfrucfure and funcfion. These are easily defined and 
understood as rafios of inpufs fo oufpufs for fhe 
bioenergefic budgef . A simple equafion can be written 
fo describe fhis balance for an organism or a group of 
organisms. 



C^P + R+U (16.1) 

Consumption (C) is fhe amounf of food ingesfed. A 
fraction of C is usually nof fully used by fhe animal 
and is expelled (e.g., as feces) or excrefed (e.g., as 
urine). Since excrefion is often nof esfimafed sep- 
arafely from egesfion, fhe sum is represented as 
unassimilation (U). A porfion of fhe assimilated maffer 
and energy is used fo produce new tissue (growfh) 
or new organisms (i.e., reproduction) and is called 
production (P) of new biomass. Respiration (R) is fhe 
fraction devoted fo supporfing mefabolic needs. Each 
of fhese quantifies musf be expressed in ferms of a 
common measure, or currency, which for food webs in 
esfuaries is usually energy, carbon, or nifrogen. Early 
sfudies of frophic fransfers have focused on energy 
flow (e.g., Lindeman, 1942; Odum, 1957), whereas 
more recenf sfudies have emphasized carbon (Baird 
and Ulanowicz, 1989), nifrogen (Baird ef al., 2011), 
or even essenfial faffy acids or toxic confaminanfs. 
The following fhree measures of efficiency are relafed 
fo fhese ferms. (i) Gross growth ejficiency (GGE) is fhe 
ratio of producfion (i.e., growfh and reproduction) 
fo consumption {P/C). Assimilation ejficiency (AE) is 
fhe fraction of food consumed fhaf crosses fhe guf of 
fhe consumer and confribufes fo ifs mefabolism. This 



may be fhoughf of equivalenfly as 

C-U 

C 

or as 

P + R 
C 



(16.2) 



(16.3) 



The efficiency wifh which assimilated food is con- 
verfed fo producfion is nef growfh efficiency (NGE). 
NGE is equal fo GGE/AE, buf if is mosf commonly 
fhoughf of as 



P 

P + R 



(16.4) 



Eor example, bacterial growth efficiency (Section 10.3.2) 
is used in reference fo bacferia and is defined in 
exacfly fhis way (Valiela, 1995). 

The ferms defined above apply fo fhe bioenergef- 
ics of single populations or frophic groups in isolation, 
whereas ofher relafed ferms describe efficiency in fhe 
confexf of a food web. Eor example, ecotrophic efficiency 
(EE) refers fo fhe fraction of producfion by a popula- 
fion or frophic group fhaf is used wifhin fhe food web 
af fhe nexf higher frophic level, harvested, or exporfed 
fo anofher food web (Ghrisfensen and Walfers, 2004). 
Low EE indicafes fhaf a large fraction of producfion 
is nof used in fhe food web and is likely passed fo 
defrifus. Trophic transfer efficiency (TTE) is fhe frac- 
fion of producfion af one frophic level fhaf resulfs in 
producfion af fhe nexf higher frophic level, ft may 
be helpful fo fhink of TTE as fhe producf of EE, AE, 
and NGE. Ofher common ferms relafed fo food webs 
include consumption efficiency, which is nearly identi- 
cal fo EE, and production efficiency, which is fhe same 
as NGE. Slobodkin (1960) esfimafed several efficien- 
cies using fhe freshwafer zooplankfer Daphnia pulex 
feeding on fhe flagellafed green alga Chamydomonas 
reinhardtii as a fesf case, concluding fhaf "ecological 
efficiency is effecfively consfanf" af approximafely 
10%. Alfhough Slobodkin's ecological efficiency was 
defined in slighfly difterenf ferms fhan fhe efficiencies 
defined in fhis chapfer, and fhe esfimafe was based 
on relatively fhin evidence, fhe 10% "rule of fhumb" 
has been proved fo be remarkably enduring: in a 
mefa-analysis, Slobodkin's 10% esfimafe was close fo 
fhe mean TTE for 140 aquatic food webs (Pauly and 
Ghrisfensen, 1995). 



16.1.4 Food Chain Length 

An inferesfrng quesfion abouf food webs is how many 
frophic levels are presenf and whaf limifs fhe max- 
imum number possible. Early ecologisfs suggesfed 
fhaf fhere are usually af mosf five frophic levels 
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(Elton, 1927). However, recent studies have found 
trophic pathways with as many as eight steps (Baird 
and Ulanowicz, 1989; Hagy, 2002). Some ecologists 
have noted that very long food chains are possible 
when recycling of detritus is considered. A common 
convention to maintain detritus at a trophic level of 1 
limits this possibility. Accordingly, the longest food 
chain within the food web shown in Figure 16.2 has 
a lengfh of 8. However, no trophic group had an 
average trophic level greater than 5 because feeding 
via relatively short pathways was always important. 
One obvious reason for this limitation on food chain 
length is that substantial energy is dissipated (in res- 
piration losses) with each trophic transfer. Even if 
fhe average TTE is a relatively high 20%, 1.6 x 10^ 
units of primary production are required to support 
1 unit of production at trophic level 6. Practically 
speaking, a species feeding exclusively at such a high 
trophic level is likely to be rare and quantitatively 
unimportant. From this standpoint, one might expect 
more trophic levels in food webs wifh high primary 
productivity. However, other factors could also affect 
the number of trophic levels. One h 5 rpothesis is that 
high trophic level pathways are likely to be unstable, 
limiting their prevalence (Pimm and Lawton, 1977), 
but this view remains a matter of debafe (Sterner 
et al., 1997). Another consideration is the size of 
food. Particularly in the plankton, organisms usually 
capture and consume food only if if falls within a 
certain size range (Elton, 1927; Brooks and Dodson, 
1965). The number of trophic levels could therefore 
depend on the size and feeding preferences of the 
important species. Because the species composition 
of phytoplankfon in high productivity waters tends 
to be dominated by larger cells (e.g., diatoms), this 
may actually result in fewer trophic levels needed 
to produce carnivorous fish (Ryfher, 1969; Landry, 
1977). Many productive estuarine and coastal waters 
support stable fisheries harvesfing large consumers af 
low trophic levels (Fig. 16.4). Examples include filter- 
feeding fish such as fhe Atlantic menhaden {Brevoortia 
tyrannus) and Pacific sardines {Sardinops sagax) and 
suspension-feeding bivalves such as Pacific oysfers 
{Crassostrea gigas) and New Zealand green-lipped 
mussels {Perna canaliculus). These species principally 
feed as herbivores (trophic level = 2) or primary 
consumers (trophic level = 3) and therefore, have 
an average trophic level between 2 and 3 (Pauly 
et al., 1998). These filter-feeding animals have a 
"telescoping effect" (Elton, 1927), wherein relatively 
large organisms feed on very small ones, leading 
fo increased trophic transfer efficiencies and pofen- 
fially shorter food chains (e.g., blue whales and whale 
sharks). 



16.2 PORTRAYING FOOD WEBS 

16.2.1 Ecological Pyramids 

Differenf approaches have been used fo examine fhe 
structure of food webs. One approach is to exam- 
ine graphically the relative magnitude of abundance, 
biomass, or productivify across frophic levels using 
ecological pyramids (Odum, 1971). The shape of a 
pyramid reflects differences in the food web and 
characferistics of the dominant taxa. The "pyramid 
of numbers" is particularly affected by the dominant 
taxa and provides less insight into community struc- 
ture than other t 5 rpes of pyramids. On fhe ofher hand, 
the pyramid of biomass is more inferesting, poten- 
tially revealing substantial differences in structure. 
For example, a biomass pyramid for a lake in Wiscon- 
sin has a significanf biomass of primary producers 
and much lower biomass of consumers (Fig. 16.5). In 
confrasf, fhe biomass of primary consumers exceeds 
the biomass of producers in the English Channel. 
This "inverted pyramid" suggests that the producer 
biomass is rapidly replaced by growth (i.e., higher 
productivity, lower biomass), while biomass accu- 
mulates slowly in longer-lived consumer organisms. 
Production or energy flow pyramids musf be wider at 
the bottom trophic level because a fraction of energy 
and biomass is lost from fhe food web wifh each 
transfer to a high trophic level. Ecological pyramids 
may also illustrate the fraction of energy flow in the 
primary consumers that depends on detritus, rather 
than direct grazing on primary producers, as in the 
example from Silver Springs (Fig. 16.5). 

16.2.2 Projecting Food Webs to Food 
Chains 

One problem with ecological pyramids is that they 
are predicated on the existence of discrefe frophic 
levels (i.e., 1, 2, 3), when many organisms in facf feed 
af more fhan one trophic level and therefore feed at 
noninteger or fractional trophic levels. Consequently, 
ecological pyramids have not been used extensively 
in recent work on estuarine food webs. One way 
to approach the problem of represenfing feeding at 
fractional trophic levels is to apportion feeding fo 
one of several "virtual integer trophic levels," which 
are also sometimes called canonical trophic levels. For 
example, species that feed 50% at trophic level 2 
and 50% at trophic level 3 would have a fractional 
trophic level of 2.5. Mafhematical procedures for this 
analysis (Ulanowicz and Kemp, 1979) are now part 
of fhe methods known collectively as ecological net- 
work analysis (Section 16.6). Figure 16.6 illustrates 
the effective food chain obfained by projecfing fhe 
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FIGURE 16.5 Ecological trophic pyramids of biomass and energy flow (i.e., production at each trophic level). P = primary 
producers, Cj = first consumers (herbivores), C 2 = second consumers (first carnivores), S = saprotrophs (detritivores, 
feeding on detritus or dead organic matter). Note the convention of placing primary producers as the bottom block of the 
pyramid and top carnivores as the highest block. Source: Redrawn from Odum (1971). 
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FIGURE 16.6 The effective food chain for the North Sea food web network (Steele, 1974) depicted in Figure 16.2. Flows, which 
in this case are energy flows in kilocalories per square meter per year, are apportioned to integer trophic levels following the 
method of Ulanowicz and Kemp (1979). Flows from an integer trophic level to the next indicate upward transfer of energy 
within the food web.Flows to "ground" are defined as in Figure 16.1, where respiration is combined with flows to detritus 
and loss from the food web. Additional flows can be included in the effective food chain to explicitly represent the return 
of detritus to the food web. Upward arrows represent the yield to humans at each effective trophic level. Not surprisingly, 
the largest yield to humans occurs via the shortest and most efficient trophic pathway (boxes 1-3), which in this example is 
primary producers — >■ pelagic herbivores — >• pelagic fish (Fig. 16.2). 



North Sea food web (Steele, 1974) from Figure 16.2 
onto a series of canonical trophic levels. This analysis 
illustrates several key features of the food web, such 
as the length of the longest trophic pathway (i.e., 
eight trophic steps) and that most flow is confined to 
the first five frophic levels. In addition. Figure 16.6 
shows fhaf 10% of primary producfion is fransferred 
fo fhe second frophic level, whereas more fhan 50% 
of fhe inpuf fo frophic level 2 is fransferred fo frophic 
level 3. We also see fhaf much of fhe yield fo humans 
occurs af fhe lowesf exploifed frophic level (i.e., fhe 
lowesf frophic level subjecf fo fishing), even fhough 
fishing exfracfs a relafively small fraction of fofal pro- 
ducfion af fhe lower frophic levels. Projecting food 



webs info food chains provides a useful approach for 
characferizing fhe overall food web sfrucfure. 

16.2.3 Trophic Spectra 

Darnell (1961) infroduced fhe trophic spectrum as a fool 
fo illusfrafe graphically his defailed dafa on fhe food 
habifs of organisms in Lake Ponfcharfrain, an esfuar- 
ine lake in fhe Mississippi delfa (Fig. 16.7). Among his 
key observations was fhaf food habifs of species often 
change as fhey develop fhrough difterenf life sfages 
and as fhey increase in size (i.e., dief changes onto- 
genetically) . Darnell's frophic specfrum also showed 
fhe greaf diversify of food (i.e., fhe prevalence of 
omnivory) in mosf diefs, wifh few species being 
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FIGURE 16.7 Trophic spectra for the most important consumer species of Lake Pontchartrain, indicating the feeding habits 
of each of the consumer species listed across the top. As an example, the bivalve Rangia cuneata, in the first column, largely 
consumes organic detritus, plus some phytoplankton. In contrast, Caranx hippos, a marine fish in the jack family, consumes 
fish almosf exclusively. Micropogonias undulatus, or Atlantic croaker, has more varied food habits than either of these species, 
consuming a mixture of fish, small benthic ("bottom") animals, zooplankton, and organic detritus. Source-. Redrawn from 
Darnell (1961). 



highly specialized in their food habits. Many species 
included significant quantities of organic detritus in 
their diets. Omnivory and detritivory are usually 
important in estuarine food webs. This appears to 
result from several factors: (i) the unpredictable avail- 
ability of specific food ifems, (ii) fhe facf fhaf esfuaries 
offen receive significanf inpufs of defrifus from fer- 
resfrial sources, and (iii) fhe fendency for physical 
processes in esfuaries fo refain and concenfrafe par- 
ficulafe defrifus. An addifional mefhodological facf or 
is fhat unidentifiable food ifems may be considered 
fo be "defrifus." 

16.2.4 Biomass Body-Size Spectra 

Biomass body-size specfra show fhe disfribufion of 
biomass as a function of logarifhmic body size classes 



for all organisms in an ecosysfem or habifaf. Eco- 
logical analysis based on size specfra has developed 
from early observational work info a well-developed 
body of fheory and predicfive science (Kerr and 
Dickie, 2001). Inferprefafion of biomass specfra is 
based on fhe assumpfion fhaf fhey reflecf fransmis- 
sion of matter and energy fhrough f rophic inf eracf ions 
in which large organisms generally consume smaller 
organisms as prey (Elfon, 1927). Early biomass spec- 
fra focused on microscopic plankfon in fhe world's 
oceans (Sheldon ef al., 1972), which showed sur- 
prising uniformify in biomass across size classes 
(i.e., flaf specfra), prompting furfher empirical and 
theoretical investigations. Systematic differences in 
specfra across a gradienf of lafifude in fhe Soufh 
Aflanfic Ocean suggesfed fhaf size-specfra mighf 
reveal imporfanf characferisfics of ecosysfems as well 
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as differences among and wifhin fhem (Sheldon ef al., 
1972). Plaff and Denman (1977) infroduced fhe nor- 
malized biomass specfrum, in which fhe biomass in a 
size-class is divided by fhe widfh of fhe size class. The 
slope of normalized specfra fends fo have a characfer- 
isfic value of approximafely —1.0 compared wifh fhe 
relatively low slope (i.e., flaf) for size specfra fhaf are 
nof normalized. An advantage of normalized spec- 
fra is fhat fheir shape is independenf of fhe widfh 
of fhe infervals, making fhese specfra well suifed fo 
comparing different ecological systems. 

Research using biomass spectra has shown that 
spectra often have one or more size ranges in which 
there is very little biomass, creating the appearance 
of disfincf "domes” or biomass modes wifhin fhe 
specfrum (i.e., specific size classes fhaf occur more 
frequenfly). The invesfigafors who firsf idenfified 
fhese sfrucfures within biomass spectra for plankton 
communifies suggesfed fhat they represent physical 
limits on the possible sizes of plankton species. Subse- 
quent investigators noted that domes of high biomass 
in benthic spectra complemented size ranges with 
tow biomass in the plankton, suggesting coupling of 
planktonic and benthic food webs (Kerr and Dickie, 
2001). Jung and Houde (2005) made a related obser- 
vation using size specfra for fish communifies in fhe 
Chesapeake Bay (Fig. 16.8), finding fhaf fhe "dome” 
of biomass represenfrng piscivorous fish could nof be 
explained solely on fhe basis of fhe biomass of smaller 
zooplankfivorous fishes. Rafher, fhey suggesfed fhaf 
fhe dief of fhe larger species was supplemented 
by consumption of benfhic invertebrates (Jung and 
Houde, 2005). 

16.3 TROPHIC THEORY 

The populations and communities that compose estu- 
arine food webs inferacf in numerous ways, including 
bofh direcf and indirecf feeding relafionships. In fhis 
section, we focus on frophic inferacfions as fhey 
appear in esfuarine food webs. Alfhough inferacfions 
are described for convenience as occurring befween 
"species,” fhe ferminology applies equally fo groups 
of species such as frophic guilds. 

16.3.1 Direct Trophic Interactions 

There are five f 5 rpes of direcf frophic interactions: 
competition, predation or parasitism, mutualism, commen- 
salism, and amensalism. These interactions are defined 
on the basis of fhe effecf of fhe inferacfion on each 
of fhe species involved. Competition is an imporfanf 
inferacfion fhaf has a negafive effecf on each species. 




Size (log2 w in kcal) (ezuivaient wet weight in parentheses) 

FIGURE 16.8 A normalized biomass size spectrum for fish 
captured in the Chesapeake Bay. The graph depicts the 
abundance of fish within size ranges normalized by the 
width of the size range. The normalized spectrum is charac- 
terized as having two distinct trophic groups, which appear 
as "domes." The first dome corresponds to bay anchovy 
(Anchoa mitchilli), the dominant zooplanktivore, and the 
second dome corresponds to the larger piscivores such as 
striped bass (Morone saxatilis). Bay anchovy account for 
a significant fraction of the diet of the piscivores. Source: 
Redrawn from Jung and Houde (2005). 

In fhe confext of food webs, direcf compefifors are 
usually fwo or more species fhaf derive a subsfantial 
fraction of fheir dief from fhe same food resource. 
Infraspecific compefifion is also an importanf fac- 
tor structuring population d 5 mamics (e.g., density 
dependence in fish populafions). 

Predation and parasitism each describe inferacfions 
in which one species benefifs from the interaction, to 
the detriment of fhe ofher. In the case of predation, the 
predator completely consumes the prey. Predation is 
ubiquitous in nature and is a key factor structuring 
most estuarine food webs. Parasifes negafively affecf 
fhe species fhey live in, on, or in association with (i.e., 
their host), but they generally do not immediately kill 
the host. Instead, parasites obtain food by consuming 
a porfion of fhe hosf or a portion of fhe dief obfained 
by fhe hosf. While parasifism is very common and 
pofenfially very imporfanf (Thompson ef al., 2005), 
fhe effecf of parasife-hosf inferacfions on food webs 
and fhe besf way fo represenf parasifes in food web 
models are nof well understood (Lafferfy ef al., 2008). 
For example, a parasife mighf simply impair ifs hosf 
and confribufe little fo fhe food web, or if could as 
a prey species supporf additional frophic pafhways 
wifhin fhe food web. 

Mutualism is a direcf inferacfion in which bofh 
species benefif from fhe inferacfion. Commensalism 
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is related, but one species benefits from the inter- 
action and the other is unaffected. Amensalism is an 
interaction that is detrimental to one species and 
has no effect on the other. These interactions are 
not as ubiquitous within estuarine food webs as 
compefifion and predafion buf may sfill be very 
imporfanf. Offen fhey appear as nonfrophic rela- 
fionships. For example, fhe easfern oysfer Crassostrea 
virginica, creafes an entire habifaf sfrucfure, providing 
ample opporfunify for commensals, species fhaf use fhe 
sfrucfure and excess parficulafe organic matter con- 
cenfrafed by fhe oysfers, buf have little direcf effecf 
on fhe oysfers. Similarly, fiddler crabs and marsh 
cordgrass (i.e., Spartina) each benefif by fhe ofher's 
presence, an example of mufualism relafed fo habifaf 
sfrucfure rafher than trophic interactions (Bertness, 
1985). 

16.3.2 Indirect Trophic Interactions 

Indirect trophic interactions involve interactions 
between two species that are mediated by interac- 
tions involving other species. Analysis of esfuarine 
food webs offen reveals many indirecf frophic 
inferacfions. In an example of "fop-down confrol" 
in a food web, feeding acfivify of predators on 
planktonic herbivores can resulf in posifive effecfs 
on phytoplankfon by reducing grazing pressure. 
Indirecf frophic inferacfions can sometimes over- 
whelm direcf inferacfions. For example, a predator 
can have a nef posifive impacf on producfivify of 
ifs own prey, making if a "beneficial predator" 
(Ulanowicz and Puccia, 1990). Consider fhe sea nef fie 
Chrysaora quinquecirrha (Fig. 16.9), a predafor fhaf nof 
only consumes zooplankton, fish eggs, and larvae 
(Purcell, 1992) buf also preys very efficiently on the 
ctenophore Mnemiopsis leidyi (Purcell and Cowan, 
1995). Since Mnemiopsis can become very abundant 
and is a voracious predator on zooplankton (Purcell 
et al., 2001), the net effect of Chrysaora on zooplankton 
can be posifive because of ifs effective control of 
Mnemiopsis (Breifburg and Fulford, 2006; Tesfa ef al., 
2008). Selective predafion on diseased prey can also 
benefif a prey populafion by preventing disease 
epidemics. This d 5 mamic is well recognized among 
terrestrial wildlife and has also been identified in 
lake food webs (Duffy ef al., 2005). Ofher examples of 
beneficial predafion have been idenfified, illusfrafing 
fhe imporfance of predafors for mainfaining healfhy 
ecosysfems (Bondavalli and Ulanowicz, 1999). 

The concepf of keystone species also relafes prin- 
cipally fo indirecf frophic inferacfions. As originally 
suggesfed by Paine (1966, 1969), fhe keysfone species 
is a high frophic level predafor whose presence or 



abundance has a large effecf on fhe sfrucfure and 
persisfence of fhe communify. A keysfone predafor 
is nof necessarily abundant, but it may be. Libralato 
et al. (2006) defined keysfone species as "a relafively 
low biomass species wifh a sfructuring role in fheir 
food web". A keysfone species generally alfers fhe 
oufcome of compefifive inferacfions among species 
af tower frophic levels, possibly preventing exclusion 
of one or more compefifors by fhe ofherwise dom- 
inanf compefifor. Alfhough ecologisfs have further 
developed this concept (Mills et al., 1993), applica- 
tions in the context of esfuarine food webs have been 
limited. Libralafo ef al. (2006) developed a quan- 
fifafive measure of "keysfone-ness", derived from 
analyses of frophic networks, which fhey argue could 
improve application of fhe concepf fo conservation 
biology. Tsagarakis ef al. (2010) applied fhis approach 
fo coasfal systems in fhe norfhern Mediterranean and 
concluded fhat mesozooplankfon were quantifafively 
mosf like a keysfone species. 




FIGURE 16.9 The cnidarian Chrysaora quinquecirrha occurs 
in many estuaries. Source: Photo by Anastasia Shesterinina. 
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16.3.3 Trophic Cascades 

The idea of cascading trophic controls traces back at 
least as far as Hairston et al. (1960), who explained, 
among other observations, how trophic controls may 
be responsible for terrestrial plant communities being 
generally intact and green rather than defoliated by 
grazers. Carpenter et al. (1985) used the term "trophic 
cascade" referring to how trophic interactions impact 
algal biomass in lakes. An example three-trophic- 
level pelagic food chain might include phytoplankton 
as primary producers, zooplankton as herbivores 
grazing on phytoplankton, and small carnivorous 
fish consuming the zooplankton (Fig. 16.1). In this 
example, fish biomass and production is limited only 
by the production of its prey and is said to have 
bottom-up control. In contrast, the zooplankton grazer 
is also subject to top-down control, since predation by 
fish can limit its biomass. Control of grazers via pre- 
dation is likely to cause phytoplankton abundance to 
be controlled by resource limitation (i.e., availability 
of nutrients). This theory has been generalized as the 
"exploitation ecosystem h 5 ^othesis," which predicts 
that even numbers of trophic levels (e.g., 2 or 4) will 
lead to lower standing biomass of plants compared 
to odd numbers of trophic levels (1 or 3; Polls and 
Strong, 1996). Trophic cascade theory also suggests 
that increased predation by organisms at the top of 
a 5-trophic-level food chain will cause decreases and 
increases in alternating levels down to primary pro- 
ducers (levels 4 and 2 decrease and levels 3 and 1 
increase); these responses will also be increasingly 
attenuated down the food chain (Carpenter et al., 
1985). 

Although the concepts of trophic cascades and 
top-down versus bottom-up control have their place 
in the literature describing trophic d 5 mamics of estu- 
aries, the two key questions are how important these 
are in the d 5 mamics of food webs, rather than food 
chains, and to what extent food webs in estuaries 
should be expected to exhibit trophic cascades. Sev- 
eral attributes of estuarine food webs may in fact 
tend to reduce the importance of trophic cascades in 
estuaries (Borer et al., 2004). Omnivory, which we 
have suggested often characterizes the food habits of 
estuarine animals, may reduce cascades, which are 
strongest in food chains involving trophic specialists 
(i.e., narrow and static diet composition) and weaker 
when species have omnivorous and dynamic (i.e., 
opportunistic) food habits (Polis and Strong, 1996). 
Strong coupling of benthic and pelagic food webs 
may also limit trophic cascades, since environmental 
factors and trophic d 5 mamics may impact these areas 
of the food web differently. Another important factor 



limiting trophic cascades in estuaries is their open- 
ness. Predators and prey in estuaries can migrate 
between estuaries and open coastal waters (Sack- 
ett et al., 2007) and are subject to external controls 
during their period of nonresidence. Strong physical 
controls such as changes in the inflow of fresh- 
water and nutrients into estuaries can also impose 
short-term variability on lower trophic levels, over- 
whelming internal biological controls, and preventing 
clear expression of top-down effects on phytoplank- 
ton via trophic cascades. 

These considerations notwithstanding, there are 
at least a few examples of trophic cascades in coastal 
marine systems. A well-cited example is the decima- 
tion of kelp forests because of sea urchin grazing, 
which followed a decline in sea otters (Estes et al., 
1999). In another example, an increase in phytoplank- 
ton abundance in Patuxent River estuary occurred 
despite decreased nutrient inputs (Testa et al., 2008). 
The authors' analysis suggested that a trophic cascade 
was involved, wherein decreased abundance of a top 
gelatinous predator led to increased abundance of 
a zooplanktivorous intermediate predator, reduced 
abundance of herbivorous zooplankton, and finally, 
increased phytoplankton abundance. In general, estu- 
arine food webs are affected by both bottom-up 
and top-down controls (Heck and Valentine, 2007), 
but examples of strong cascades are relatively rare 
(Micheli, 1999). 



16.4 ATTRIBUTES OF ESTUARINE 
FOOD WEBS 



16.4.1 Spatial Mosaic of Coastal Habitats 

In many instances, the structure of estuarine food 
webs is regulated by the complex spatial mosaic of 
different habitat t 5 rpes that characterize the ecosystem 
(Heck et al., 2008). The "coastal ecosystem mosaic" 
(Sheaves, 2009) includes distinct habitat t 5 q)es such 
as open-water pelagic, tidal creeks and channels, sea- 
grass meadows, oyster or mussel beds, coral reefs, 
intertidal sand or mud flats, rocky shores and deeper 
platforms, and emergent tidal wetlands including 
salt marshes and mangroves. The estuarine salin- 
ity gradient also creates distinct habitats defined by 
salinity. Although each of these habitats supports dis- 
tinct biological communities, they are also connected 
within the overall food web by fluxes of matter and 
energy across the spatial mosaic. Mechanisms of spa- 
tial coupling frequently include physical exchange 
of water and associated plankton and detritus and 
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movements or migration for the purpose of feeding, 
spawning, and ofher ontogenetic changes. The laffer 
has been referred fo as fhe "frophic relay" h 5 rpofh- 
esis, which has been used fo describe mechanisms 
coupling intertidal salf marshes and adjacenf subfidal 
habifafs (Kneib, 1997). 

One of fhe mosf widely relevanf examples of spa- 
tial linkage wifhin esfuarine food webs is coupling 
of benfhic and plankfonic (or pelagic) food webs. 
Exfreme depfh of wafer prevenfs such coupling in 
fhe deep sea, whereas fhe relatively shallow nafure 
of mosf esfuaries favors benfhic -pelagic coupling. 
The esfuarine benfhos usually consume a significanf 
fraction of fofal organic inpufs fo esfuaries (~25%; 
Nixon, 1982). Benfhic fiber feeders, which benefif 
from fhe consfanf motion of wafer associated wifh 
tides, can exerf grazing confrol over phyfoplank- 
fon production and biomass (Cloern, 1982; Nixon, 
1988). Suspension- and deposif-feeding benfhos con- 
fribufe significanfly fo fhe diefs of benfhopelagic 
predafory fishes such as red drum {Scaenops ocella- 
tus) and Aflanfic cod {Gadus morhua). Some of fhese 
benfhivorous (i.e., benfhos-eafing) species are prey 
for fop pelagic predators, some of which also con- 
sume macrobenfhos direcfly (Harfman and Brandf, 
1995; Tsagarakis ef al., 2010). Finally, direcf herbivory 
(by fishes, furfles (Jackson, 2001), marine mammals, 
e.g., manafees, and birds (Heck and Valenfine, 2006) 
on benfhic primary producers, including microalgae, 
macroalgae, and seagrasses, links shallow benfhic 
communities fo overall esfuarine food webs (Choy 
ef al., 2008). 

Heck ef al. (2008) illusfrafe how highly productive 
shallow-wafer seagrass habifafs are often relafively 
imporfanf fo fhe food webs of surrounding habifafs 
wifhin esfuaries (Fig. 16.10). For example, some fish 
live in mangroves buf feed in seagrass meadows, 
resulting in frophic flows from seagrass fo mangrove 
habifafs. Similarly, some reef residenf fishes feed in 
seagrass meadows, generafing nef fluxes of organic 
maffer and nufrienfs fo reef areas and fheir associated 
food webs. In femperafe esfuaries, various fishes feed 
in bofh salf marshes and seagrass beds, while juve- 
nile blue crabs use seagrasses for feeding and shelter 
before migrafing elsewhere as adulfs (Heck ef al., 
2008). Tidal marshes also provide physical habifaf 
and food for omnivorous consumers. For example, in 
coasfal Fouisiana, fhe regional disfribufion of shrimp 
abundance and producfion is proporfional fo fhe 
lengfh of marsh/open wafer interface (Haas ef al., 
2004). In some cases, fhe value of differenf habifafs 
for a particular group in a food web can be defined 
in terms of competing needs of refuge from preda- 
tion and access fo food. This is an imporfanf way by 



which fhe spatial habifaf mosaic sfrucfures frophic 
inferacfions in esfuarine food webs (Walters, 2000). 

16.4.2 The Importance of Detritus 

Farly work investigating producfivify of marine food 
webs was sfrongly influenced by work describing a 
grazing food chain in which phyfoplankfon produc- 
fion is direcfly grazed by herbivorous zooplankton, 
linking microplankfon producfion fo pelagic food 
webs. Research along fhe soufheasf coasf of Norfh 
America, however, showed fhaf fhis model was inad- 
equate fo describe frophic flows in some esfuar- 
ies. Targe tides in fhese coasfal sysfems, which are 
fringed by extensive salf marshes, promoted vigor- 
ous maferial exchanges befween marshes and open 
wafer habifafs. Significanf quanfifies of producfion 
by marsh grasses was nof grazed as living maferial, 
buf instead was passed fo a "defrifus food chain" 
where fhe decaying maferial was consumed and 
direcfed info producfive frophic pafhways (Odum, 
1971; Choy ef al., 2008; Galvan ef al., 2008). Similarly, 
Darnell (1961), whose work we have already men- 
tioned (Fig. 16.7), observed fhaf defrifus accounted 
for a fracfion of fhe dief in nearly all fhe species 
analyzed, wifh fhe exception of fhe fop piscivorous 
(i.e., fish-eafing) predafors. By fhe early 1960s, defri- 
fus was recognized as an imporfanf energy source 
in nearly every t 5 rpe of aquatic ecosysfem. Defrifus 
may be especially imporfanf in esfuaries because fhey 
receive significanf exfernal inpufs of defrifus (i.e., 
allochfhonous carbon) from adjacenf ferresfrial and 
oceanic ecosystems. Esfuarine ecosystems may also 
generafe significanf quanfifies of vascular plan! defri- 
fus from seagrass meadows, marshes, and mangroves 
wifhin fhe lifforal and inferfidal zones (Teal, 1962; 
Odum and de la Cruz, 1963). Food webs in shallow 
fropical esfuaries fringed by mangroves fend fo be 
supporfed by decomposing planf maferial and asso- 
ciafed microbes, wifh fhe f 5 rpes and sizes of maferials 
used varying by consumer (Odum and Heald, 1975; 
Fig. 16.7). Ulfimafely, labilify and nufrifional value 
are as imporfanf as fhe quanfify available for deter- 
mining fhe imporfance of fhe confribufion of defrifus 
fo activity in an estuarine food web (Cebrian, 1999). 

Alfhough simple in concepf, quanfifying frophic 
flows involving defrifus can become surprisingly 
complicated. For example, parficulafe defrifus is offen 
colonized by algae, bacferia, and meiofauna, forming 
a complex of biofa and defrifus whose nufrifional 
and elemenfal composition (e.g., C/N rafio) differs 
from fhaf of fhe defrifus alone. The complex and 
numerous functions of microbes in esfuarine ecosys- 
tems are addressed in Chapters 9 and 10. Here we 
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note that microbes mediate a very slow biogeochem- 
ical "aging" of detritus, breaking down the most 
recalcitrant compounds (e.g., lignin) and eventu- 
ally improving their nutritional value to consumers 
(Tenore et al., 1984). Given adequate time for process- 
ing, defrifus can be processed repeafedly unfil fhe 
maferial is ulfimafely buried or ofherwise exporfed, 
thereby increasing the potential importance of defri- 
fus in esfuarine food webs. 



16.5 CONSTRUCTING FOOD WEB 
MODELS 



Esfuarine food webs are complex, dynamic, and open. 
To undersfand fhese complex sysfems better, if is 
often useful fo consfrucf models of fhe sysfem fhaf 
can be analyzed quanfifafively. A good firsf sfep in 
modeling esfuarine food webs is fo selecf fhe femporal 
and spafial scales of inferesf. This section emphasizes 
models fhat address af leasf a seasonal time scale and 
some sorf of spafial average. This leaves for fhe fufure 
a discussion of explicif modeling of pafchy and vari- 
able food web d 5 mamics. The second sfep is defining 
research questions fo be addressed wifh fhe food web 
model. Nexf, fhe modeler musf choose fhe currency 
for fhe food web (e.g., energy, carbon, nifrogen), fhe 
nodes (feeding groups) fo include, and fhe imporfanf 
frophic inf eracf ions or flows. Finally, fhe invesfigafor 
musf compile relevanf dafa and ecological informa- 
tion fo quantify fhe food web. These sfeps may all 
be faken iferafively and inferacfively. For example, 
ecological information being collected to describe the 
food web as initially planned may reveal that an addi- 
tional node is needed or that a node may reasonably 
be omitted. 

There are two basic approaches to calculating 
trophic flows for a food web model. The firsf, which 
is called fhe a priori approach, involves estimating all 
fhe flows from empirical dafa. The second approach 
is called inverse modeling and involves writing a 
series of equafions or inequalifies fhaf consfrain fhe 
possible solutions (i.e., fhe esfimafes for the flows) 
and fhen solving for fhe missing quanfifies using 
mafrix mefhods. In some applications, fhe known 
quantifies were primarily biomasses plus estimates 
of a few flows (e.g., primary production and sed- 
imenfafion) and a sef of physiological consfrainfs 
(Vezina and Platt, 1988). Recenf applications have 
addressed more complex sysfems wifh more con- 
sfrainfs, faking advanfage of improved compufafional 
resources (Leguerrier ef al., 2004). Inverse mefhods 
have also been used fo solve for biomasses, rafher 



fhan flows (Polovina, 1984), and fo esfimafe solu- 
tions when several different t 5 rpes of information 
were unknown (Christensen and Pauly, 1992). In 
some cases, statistical methods can be used to find 
a besf fif solufion given fhe dafa and consfrainfs 
(Chrisfensen and Pauly, 1992). Ofher analyses have 
employed elemenfs of bofh approaches, for example, 
by developing inifial a priori esfimafes of flows and 
fhen adjusfing flows using a "balancing" algorifhm fo 
achieve mass balance (Allesina and Bondavalli, 2003; 
Chrisfensen and Walfers, 2004). The following several 
sections presenf defails of consfrucfing esfuarine food 
webs. 

16.5.1 Choosing the Appropriate Scale 
and Currency 

Key decisions in food web model developmenf 
involve defining fhe femporal and spafial exfenfs of 
fhe model and fhe resolution of ifs frophic groups. 
The appropriafe choices depend on fhe research 
quesfions of inferesf. The spafial exfenf is fhe area (or 
wafer volume) under consideration for fhe analysis 
and may be an enfire esfuary (e.g., Rybarczyk ef al., 
2003) or a region of an esfuary (e.g., Carrer and 
Opifz, 1999). Temporal exfenf defines a period from 
which dafa are being considered, usually ranging 
from a single season fo an enfire decade (Baird and 
Ulanowicz, 1989). The spafial and femporal scales 
should be large enough fo encompass fhe ecological 
feafures of inferesf and fhe associafed food webs. In 
general, fhe "currency" of fhe food web can use flows 
of energy (Dame and Patten, 1981) or flows of mass, 
such as carbon (Baird and Ulanowicz, 1989), nifrogen 
(Christian ef al., 1996), or wef weigh! biomass 
(Manickchand-Heileman ef al., 1998). Regardless of 
fhe choice, models developed in one currency may 
reflecf implicifly fhe imporfance of ofher flows in 
ofher currencies. For example, if growfh is limifed by 
low nifrogen confenf of food, rafher than carbon, this 
may be reflected in a carbon-based food web analysis 
as low carbon growfh efficiency. The discussion 
below is mosf applicable for food webs using carbon 
or energy as currency. Generally, fhe availabilify 
of information for consfrucfing food webs in ferms 
of nifrogen or phosphorus is more limifed fhan for 
carbon or energy. 

16.5.2 Composition of the Food Web 
(Nodes) 

Anofher imporfant sfep in developing a food web 
model is deciding whaf fo include in fhe food web 
and how fo represenf if. An almosf universal affribufe 
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FIGURE 16.10 Mechanisms of trophic transfers from seagrass meadows to adjacent coastal habitats in (a) tropical and (b) 
temperate regions. Source: Modified from Heck et al. (2008). 



of food web models is fheir uneven level of aggre- 
gation of species across communifies and frophic 
levels. Lower frophic levels are usually represenfed 
as broad groups of similar species (e.g., zooplankton) 
or feeding guilds (e.g., suspension-feeding benfhos), 
whereas upper frophic levels are often resolved fo 
fhe species level. This fendency is primarily driven 
by availabilify of dafa, buf may also reflecf fhe ques- 
tions of interesf. To represenf a frophic node (group 
of organisms wifh similar diefs) in fhe food web 
model, if is necessary fo quanfify fhe magnifude of 
production, magnifude and composifion of dief, and 
fafe of fhe biomass fhaf is produced (e.g., who con- 
sumes if). This informafion is usually nof available 
for individual plankfonic or benfhic species buf may 
be esfimafed for groups of species or feeding guilds. 
Species-level definition of organisms af higher frophic 
levels can provide key insighfs into food web d 5 mam- 
ics. For example, by combining two disfincf groups 
of sharks (pelagic and benfhic feeding) info a sin- 
gle aggregafed node, fhe resulfing "super shark" 
group had an unrealisfically broad impacf on fhe 
food web, even fhough neifher f)q)e of shark has 
as large a frophic effecf (Friere ef al., 2007). Food 
web models are sometimes focused on particular 
groups of consumers, ranging, for example, from 
microplankfon (Baird and Ulanowicz, 1989), fo gelafi- 
nous zooplankfon (Tsagarakis ef al., 2010), fo fisheries 
(Manickchand-Fleileman ef al., 1998). In ofher cases. 



food web models reflecf broad inferesf in ecosystem- 
level sfrucfure (Rybarczyk ef al., 2003). Alfhough a 
variefy of food web sfrucfures and approaches may 
be legitimate, fhe level of aggregafion chosen for fhe 
food web model can also have subsfanfial impacf on 
fhe resulfs (e.g., Marfinez and Lawfon, 1995). 

16.5.3 Organism Abundance and Biomass 

Even fhough trophic networks are defined by flows 
between nodes, estimation of the abundance or 
biomass (or both) of organisms is a key step in 
constructing food webs. The reason is that, for 
most trophic groups, flows are often computed as a 
function of biomass. Exceptions include phytoplank- 
ton and bacteria production rates, for which direct 
measurements are often available for community 
production rates (Parsons et al., 1984; Kemp et al., 
1993). The biomass of zooplankton and benthos 
may be based on plankton net tows or sediment 
grab samples. Trawl sampling is commonly used 
to quantify the "relative abundance" and biomass 
of fish, but direct measurement of fish abundance 
is difficult. Sometimes it is possible to infer fish 
abundances indirectly, such as from production of 
fish eggs (Rilling and Floude, 1999). Eor exploited fish 
populations, virtual population analysis (Gulland, 
1965) can be used to infer population size, given 
the size and age structure of the catch and other 
parameters (e.g., natural mortality rate). 
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16.5.4 Bioenergetic Rates 

The flows of food befween fhe nodes (feeding groups) 
effectively define fhe food web. As discussed in 
Section 16.1.3, critical rales are relafed fo each ofher 
by fhe bioenergetic equafion for an organism, popu- 
lafion, or feeding group, where consumpfion (C) is 
equal fo fhe sum of production (P), respiration (R), 
and excrefion plus egesfion (U). All fhese rales are 
needed for each node. A good approach (called allome- 
try) is fo use physiological equations and ratios, which 
vary consisfently wifh organism size. For example, 
annual production (P) of individual populations or 
whole communities can be compufed from average 
population biomass (B) and an esfimafe of aver- 
age individual organism biomass (M). The allomefric 
equafion: 

^ = 0.65M-°-3^ (16.5) 

applies across a 10^-fold range in body size (Mg, 
unifs are body mass converfed fo energy equivalenfs 
in kilocalories) for a diversify of faxa (e.g., Banse 
and Mosher, 1980; Fig. 16.11). Similar relationships 
befween organism physiology and size have been 
reported for all bioenergetic rales (e.g., Flarris ef al., 
2006). Thus, respiration can be esfimafed using allo- 
mefric equafions or empirical relationships befween 
respiration and consumpfion. The NGE: 

NGE = — ^ (16.6) 

can also be used fo compufe R, given an esfimafe of P. 
Defailed review of fhe liferafure on NGE for aquatic 
organisms suggesfs a t 5 q)ical value of approximately 
60% (Schroeder, 1981). 

The final ferm needed fo describe a bioenergetic 
balance is fhe combined egesfion and excrefion rale, 
somefimes referred fo as unassimilation, or U. Sim- 
ilar fo NGE, generalizations abouf U are possible 
for differenf classes of organisms (Schroeder, 1981), 
depending on dief and particularly food qualify. 
A dief may include large fractions of indigestible 
molecules (e.g., cellulose) or animal parfs (e.g., bones 
or feafhers), leading fo lower AE. Differences in ele- 
mental composition of a consumer and ifs food may 
limit assimilation, where, for example, a herbivore 
with a carbon to nitrogen ratio lower than its diet 
(e.g., herbivorous fish) will fend fo have lower car- 
bon AE (Elser and Urabe, 1999). Nofe fhaf depending 
on the application, this combined treatment (as U) of 
egesfed food, which has nof been fully processed, and 
excrefion of mefabolic wasfes may be unsafisfacfory. 




FIGURE 16.1 1 Relationship between log(body size at matu- 
rity) and log(P/B) (annual production/biomass) for a 
variety of functional groups of species. The equation for 
the solid regression line is log(P/B) = —0.19—0.27 log(M). 
Dashed lines indicate 50% and 200% of the predicted P/B. 
Body size is converted to energy content (i.e., caloric) equiv- 
alents. The relationship spans 5 orders of magnitude in body 
size. MR refers to the mean range in P/B for 16 species with 
multiple observations. Source: Redrawn from Banse and 
Mosher (1980). 



16.5.5 Food Habits 

To consfrucf a food web model, if is essential fo have 
quantifative data on the diets of each feeding group 
fhaf can be used fo parfifion fofal consumption for 
each node info contributions obtained from each of 
fhe ofher nodes. Three broad cafegories of empiri- 
cal mefhods for obfaining dief informafion include (i) 
analysis of stomach confenfs, (ii) feeding experimenfs, 
and (iii) chemical biomarkers. Sfable isofopes are a 
particularly useful form of chemical marker for anal- 
ysis of esfuarine food webs, and fhese are examined 
separately in fhe next section. 

Quantitative analysis of fhe confenfs of sfomachs 
of individual organisms, referred fo as gut contents 
analysis, involves visual idenfiflcafion and measure- 
menf of all food materials in fhe sfomachs of sample 
organisms. This is one of fhe earliesf and mosf widely 
applied approaches for examining food habifs. Eor 
example, fhe sfudy by Darnell (1961) on food habifs of 
consumers in Lake Pontcharfrain, Louisiana, largely 
fish, was based on exfensive analysis of guf confenfs. 
Similarly, Purcell (1992) used guf confenf analysis fo 
describe fhe dief of a gelafinous predafor (C. quinque- 
cirrha). Analysis of guf confenfs is widely applied in 
examining fhe food habifs of larger organisms such as 
fish. Such sfudies can provide very specific informa- 
tion regarding food habifs and may address fhe sizes 
and f 5 q)es of prey consumed and how prey choice 
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varies with an individual's size and age or the season 
or location of capture (Hartman and Brandt, 1995). 

Measures of fhe relafive preference of a consumer 
for particular dief componenfs are useful for infer- 
prefing dafa from sfudies of food habifs. One such 
measure is fhe index of elecfivify: 




where for prey ifem i, is frequency in fhe dief and 
Pj is frequency in fhe environmenf (Ivlev, 1961). E, 
varies from — 1 for an abundanf food fhaf is nof eafen 
fo +1 if fhe ifem is much more abundanf in fhe dief 
than in the environment. The standardized forage ratio is 
another, possibly better, index (Chesson, 1978, 1983). 
Food preference indices can be useful for evaluating 
diet composition in food webs. When the diet is 
unknown, one may estimate it by assuming neutral 
electivity (i.e., equal preference) for pofenfial prey 
ifems. Given independenf dief dafa, elecfivify can be 
used fo evaluafe fhe dafa and possibly improve fhe 
food web model. 

In feeding experimenfs, anofher source of dief 
informafion for consfrucfion of food webs, consumers 
are presented potential prey items from fhe nafural 
environment in a tank or enclosure. Selectivity is 
estimated by examining which items are consumed. 
Feeding experiments can quantify prey-specific clear- 
ance rafes for plankton, which are useful in food web 
models. For example, a large medusa (C. quinquicir- 
rha), can consume all fhe cfenophores from 2000 1 of 
wafer each day (Purcell and Cowan, 1995) buf can 
only clear copepods from 48 1 of wafer per day (Pur- 
cell, 1992), indicating a preference for cfenophores. 
Experimental approaches have also been used to 
examine prey preferences for small zooplankton. For 
example, plankton dilution experimenfs, used fo infer 
grazing rafes, can use phofopigmenf concenfrations 
fo quanfify which phyfoplankton are grazed (e.g., 
McManus and Ederingfon-Canfrell, 1992). Selective 
grazing has also been measured using insfrumenfs 
fhaf defermine numbers and sizes of particles (i.e., 
flow cyfomefry; Jochem, 2003). 

A variefy of chemical markers, including faffy 
acids and sterols (Bianchi and Canuel, 2011), have 
been used fo sfudy frophic relafionships in esfuarine 
food webs. Chemical markers may be passed fhrough 
one or more frophic fransters, relafing presence in a 
consumer back fo a source in the diet. Ideal biomark- 
ers are relatively unique to a particular organic matter 
source and are transferred wifh little modification. Sf. 
John and Lund (1996) illusfrafed how fhe rafio of 
two faffy acids could indicate fhe imporfance of a 
diafom and a flagellate as fhe base of fhe food chain 




FIGURE 16.12 Results of an experiment following incor- 
poration of lipid biomarkers in a food chain. In each of 
the three treatments. North Sea cod larvae were fed cope- 
pod nauplii hatched from adult copepods raised on (i) the 
diatom Skeletonema costatum, (ii) the flagellate Heterocapsa 
triquetra, or (iii) a 50 : 50 mixture of each. The lipid tracer 
index is the ratio of abundance in the cod larvae of two 
specific lipid markers. Source: Modified from St. John and 
Lund (1996). 



supporting North Sea cod (G. morhua) larvae (Dals- 
gaard et al., 2003; Eig. 16.12). Copepods were fed 
one phyfoplankfon species, and fhen cod larvae were 
fed nauplii from each freafment group. The observed 
faffy acid rafio in fhe cod larvae resolved fhe phyfo- 
plankfon source, even after 2 frophic fransters. Eaffy 
acid and sterol biomarkers have also resolved frans- 
fers of organic maffer from bacferia fo ciliates fo 
copepods, quanfifying fhe significance of fhe bacfe- 
rial food source (Ederingfon ef al., 1995). This t 5 rpe 
of informafion is particularly useful in combinafion 
wifh ofher biochemical dafa, such as sfable isotopes. 

16.5.6 Stable Isotopes in Estuarine Food 
Webs 

Analysis of sfable isofopes of major elemenfs in 
organic maffer can provide informafion on average 
food habifs and direcf, infegrafive informafion on 
frophic posifion and relafive dependence on differenf 
fypes of primary producers. Sfable isofopes of carbon 
(f^C, ^^C), nifrogen (^^N, ^^N), and sulfur (^^S, ^^S) 
have been widely used in sfudies of esfuarine ecology. 
Ery (2006) provides an excellenf infroducfion, illus- 
frafing bofh fhe power of analyzing sfable isofopes 
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and some of the complications inherent in their appli- 
cation to food webs . In a nutshell, the ratio (R) of heavy 
isotope to the light isotope for a consumer organism 
reflects that of the organic matter it eats. This relation- 
ship is modified by the process of isotope fractionation, 
which occurs because reactions involving the lighter 
isotope usually proceed slightly faster than those 
involving the heavier isotope. Isotope ratios are most 
commonly expressed as a deviation from that of a 
standard reference material using the double ratio: 

( ^sample 1^x 1000 (16.8) 

where the ratio R is as defined above (Fry, 2006). 
For stable isotopes of C, N, and S, the elements most 
commonly used in studies of estuarine food webs, 
the i5 values are and i5^^S, respectively, 

and have units of "per mil" (%o). 

Stable isotopes vary across the biosphere in 
relatively predictable ways (Peterson and Fry, 
1987). In the best known examples from estuaries, 
and are the most reliable indicators of 
organic matter sources at the base of the food web. 
Terrestrially derived organic matter and organic 
matter from freshwater sources are more depleted 
of (5^®C = — 28%o) than marine phytoplankton 
(3i3c = -21 %0 ), while seagrasses and marsh plants 
are least depleted with 5^3^ = — 13%o to — 10%o. One 
complication is that a mixture of carbon from marsh 
plants (e.g., Spartina) and upland plants could have 
the same i533c as marine phytoplankton. This problem 
can be addressed by simultaneously examining i53^S, 
which easily differentiates between phytoplankton 
and the other sources (Fig. 16.13). In the case of the 
salt marsh at Sapelo Island, the organic matter source 
for most organisms includes a mixture of plankton 
and Spartina but no significant contribution from 
upland plants (Peterson and Howarth, 1987). 

While ^33^ ^34g ^j.g most useful sta- 

ble isotopes for examining organic matter sources, 
is often useful for characterizing the average 
trophic position because of the relatively large N 
isotope fractionation associated with each trophic 
transfer. Fry (1988) observed that a relatively con- 
sistent 3.6 %o increase in was associated with 
an increase of one trophic level (Fig. 16.14). In an 
example from Fry (1988), planktivorous fish were 
found to have an average of 10%o-ll%o, and, 
based on known feeding habits, were known to have 
an average trophic level of approximately 3.2. Sam- 
ples from their plankton diet had an average gf 
6 %o - 7 %o , 4 %o less than the planktivores and reflecting 
an average difference of just over 1 trophic level. Fry 
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FIGURE 16.13 Graph illustrating the use of stable nitrogen 
and sulfur data from biota collected near Sapelo Island, 
Georgia, to evaluate the organic matter sources for the food 
web. In this case, stable isotope data exclude upland plants 
as an important source of the food web. Source: Redrawn 
from Peterson and Howarth (1987). 



(1988) also observed variable fgr fish character- 
ized as "opportunistic generalists," likely reflecting 
their varied diet (Fig. 16.14). In another study. Wells 
et al. (2008) used stable N and C isotopes to explore 
ontogenetic changes in the feeding ecology, including 
organic matter sources and average trophic level for 
red snapper {Lutjanus campechanus) in fhe norfhern 
Gulf of Mexico. The sfudy found an abrupt increase 
in (?33 n between larval fish and juveniles, followed by 
a slower increase in with age. These results were 
interpreted to indicate an increase in average trophic 
level, which was supported by results from analysis 
of guf confenfs. 



16.6 QUANTITATIVE ANALYSIS 
OF FOOD WEB NETWORK 
MODELS 



Development of computational methods for analyz- 
ing food webs began in earnesf in the early 1970s 




Quantitative Analysis of Food Web Network Models | 433 



16 



-|5 



14 - 



12 - 



10 



A 

A 



I 

I 



6 - 



-• 2 






-L 



J. 



J- 



Particulate Zooplankton Crabs, Euphausids, Benthic 
organic anemone, small crangon, isopods, 
matter mussel, polychaetes pandalids large 

scallops, polychaetes 

benthic amphipods, 

, brittle star 



Squid 



Plankti Opportunistic Pisci 

vores generalists vores 



Pom 



Invertebrates 



Fish 



FIGURE 16.14 The relationship between and trophic level in the food web of Georges Bank. Later research revealed 
that the "piscivore" with particularly low consumes lower trophic level prey, consistent with the stable isotope results. 
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(Hannon, 1973) with adaptation of Leontief's (1951) 
economic input-output analysis to analyze ecological 
networks, rather than economic goods and services. 
Additional methods developed during the 1970s and 
1980s coalesced as ecological network analysis (ENA) 
(Kay et al., 1989). ENA contributed to an evolv- 
ing quantitative theory of ecosystem development 
(Ulanowicz, 1986) that was implemented in a com- 
puter program called NETWRK and later programs, 
such as WAND, that added new procedures (Allesina 
and Bondavalli, 2003, 2004; Ulanowicz, 2004). 

Another approach called "Ecopath" (Polovina, 
1984) emerged independently in the mid-1980s from 
research on fish ecology of Erench Erigate Shoals. 
The main objective was to estimate the biomasses 
of the coral reef food web components. Ecopath 
was later expanded to include more sophisticated 
inverse modeling capabilities and other tools to assist 
with model construction, and to implement the ENA 
procedures from NETWRK (Christensen and Pauly, 
1992), ultimately becoming "Ecopath with Ecosim" 
(www.ecopath.org; Christensen and Walters, 2004), 
a comprehensive program for construction, analy- 
sis, and d 5 mamic simulation (i.e., simulating changes 



over time; see Section 16.6.5) of food webs. Ecopafh 
with Ecosim can implement spatially explicit simula- 
tions, which may be useful for examining the spatial 
mosaic of habifafs in esfuaries (i.e., as in Secfion 16.4). 
Although the software continues to emphasize appli- 
cations in fish ecology and fisheries managemenf, if 
can also be applied fo other kinds of food webs. 

To illusfrafe quanfifafive analysis of a frophic 
network, consider a hyrpothetical food web with six 
compartments representing distinct trophic groups 
(Eig. 16.15). The flows include major trophic path- 
ways that occur in estuaries, including a grazing 
chain (primary producers, grazers, carnivores) and a 
detritus-based food web (particulafe and dissolved 
organic maffer, defrifivores, carnivores). The partic- 
ulate and dissolved organic matter group includes 
bacteria as a subcomponent that consumes detri- 
tus and generates respiratory losses but returns all 
the produced biomass back to the detritus pool. 
Each compartment contributes to detritus as a result 
of nafural morfalify and unassimilafed food (e.g., 
egesfion). Organic matter inputs include primary 
production and external inputs of particulafe and 
dissolved organic maffer. Exports include particulate 
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and dissolved organic matter and carnivore biomass 
associated with fish harvest and emigration. 

16.6.1 Mass Balance in Food Web 
Networks 

A fully quanfified food web model safisfies several 
mass balance or "masfer" (Chrisfensen and Wallers, 
2004) equafions. One such equafion is fhe bioener- 
gefic mass balance equafion (Eq. 16.1), infroduced in 
Secfion 1.3, which applies fo fhe aggregafe flows fo 
and from a node. A second mass balance accounfs for 
fhe fafe of production (P). The second Ecopafh mas- 
fer equafion (Chrisfensen and Wallers, 2004) balances 
production for a frophic node wifh outpufs, including 
cafch (i.e., for fisheries), predafion losses (i.e., fo ofher 
nodes), nef migration (i.e., immigrafion minus emi- 
gration), and nafural morfalify. The mass balance also 
includes a ferm for fhe nef change in biomass, which 
applies when food web models consider significanf 
long-ferm or seasonal changes in biomass. A more 
generic mass balance equafion simply sfafes fhaf, for 
each node, fhe sum of exfernal inpufs and inflows 
from ofher nodes equals fhe sum of exporfs, respi- 
ration, and flows fo ofher nodes (Ulanowicz, 2004). 
The Ecopafh equafions can be relafed fo generic mass 
balance. Eor example, fhe flow from defrifivores fo 
carnivores in Eigure 16.15 can also be expressed as 
fhe producf of fofal predafion by carnivores multi- 
plied by fhe fraction of fhe carnivore dief obfained 
from defrifivores. Mafhemafical expressions for fhe 
analyses described below are provided by Ulanow- 
icz (1986-1997, 2004) and ofhers (Chrisfensen and 
Walfers, 2004). 

16.6.2 Total System Properties 

Once a food web has been quanfified, ENA can be 
used fo examine total system properties, which perfain 
fo fhe food web as a whole. One question is "how big 
is fhe food web?" Alfhough if is infuifive fo fhink of 
"size" in ferms of biomass, if is offen more informafive 
fo consider fhe magnifude of frophic flows. The ferm 
total system throughput (TST) refers fo fhe sum of all fhe 
infernal and exfernal flows, including inpufs, exporfs, 
respirations, and flows among fhe comparfmenfs in 
fhe food web. Summing fhe flows in Eigure 16.15, fhe 
TST is 2055 g C/m^/ year (or 5630 mg Q/w? / day) 
making fhis food web fall befween fhe smallesf (Sf. 
Marks, Elorida in January = 1900mgC/m^/ day) and 
fhe largesf (Chesapeake Bay in summer = 1, 700, 000 
mg C/m^/ day) food webs examined in a compar- 
afive sfudy (Christian ef ak, 2005). TST is usually 
larger fhan fhe sum of fhe flows info fhe food web 



because each unif of inpuf is usually involved in sev- 
eral frophic fransfers before being finally losf fo fhe 
sysfem. The average number of frophic fransfers fhaf 
occur affer a unif of maferial or energy enfers fhe food 
web is called fhe average path length. The average pafh 
lengfh can be compufed by subfracfing fhe sum of 
all inpufs from TST and fhen dividing by fhe sum of 
inpufs, fhe resulf of which is 3.3 for fhe food web in 
Eigure 16.15. 

Anofher quesfion abouf fofal sysfem proper- 
fies is "how is fhe food web organized?" Drawing 
from early efforfs fo quanfify species diversify (e.g., 
MacArfhur, 1955), ENA makes if possible fo compufe 
flow diversity and fo decompose flow diversify info 
fwo componenfs, residual diversity /freedom and average 
mutual information (AMI). AMI quantifies fhe degree 
of organization of fhe flows and is offen scaled by TST 
fo compufe network ascendency or simply ascendency 
(Ulanowicz, 2004). The upper limif for ascendency 
is called development capacity or capacity, while fhe 
difference befween ascendency and capacify is called 
overhead. Ascendency is 30,225 g C/m^/ year for fhe 
example food web in Eigure 16.15, which is 37% of 
developmenf capacify (82,370 g Q/wf / year), similar 
fo fhe rafio of ascendency/ capacify for many esfu- 
arine and ofher food webs (Chrisfian ef al., 2005; 
Ulanowicz, 2009). Given sufficienf dafa, fhese quan- 
fifies can be used fo evaluafe changes in food webs 
(Heymans ef ak, 2007) and fo evaluafe fheories relafed 
fo ecosysfem developmenf (Ulanowicz, 1997, 2009). 

16.6.3 Trophic Structure 

Quanfifafive analysis of flows in a food web provides 
a way fo undersfand fhe sfrucfure of frophic flows, 
or simply "frophic sfrucfure." Elow cycles, presenf 
in mosf food webs, involve frophic pafhways fhaf 
refurn fo fhe frophic node from which fhey origi- 
nafed. Cycles offen involve a nonliving comparfmenf 
(i.e., defrifus, Eig. 16.15). The food web in Eigure 16.15 
includes seven cycles, five of which involve recy- 
cling via defrifus. One longer cycle involves five 
comparfmenfs: carnivores ^ defrifus ^ defrifivores 
— grazers ^ carnivores. Cycles among living com- 
ponenfs are relatively rare, perhaps because of fhe 
size-based limifafions on frophic inferacfions. How- 
ever, fo illusfrafe cycles, a flow has been infroduced 
from carnivores fo defrifivores in Eigure 16.15. This 
could represenf a suspension feeding defrifivore feed- 
ing on an early life sfage of a carnivore. This addifional 
flow creafes fwo cycles, one of which is grazers ^ 
carnivores — >• defrifivores ^ grazers. Complex food 
webs offen have many cycles. The imporfance of 
cycling can be expressed via fhe rafio of flows asso- 
ciafed wifh cycling relative fo fhe magnifude of all 
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FIGURE 16.15 A simple hypothetical carbon food web for an estuary. Inputs, outputs, respirations, and internal flows have 
units of grams of carbon per square meter per year. Major components are primary producers (e.g., phytoplankton), grazers 
(e.g., copepods) feeding on a mixture of phytoplankton and heterotrophic microplankton, carnivores (organisms feeding 
on zooplankton or small benthic species) and detritivores. Bacteria are represented as a subcomponent of the detritus pool, 
returning biomass produced back to detritus. 



flows (i.e., TST; Finn, 1976). In the example food web, 
the sum of flows due to cycling is 535 g C / m^ / year, 
which amounts to 28% of TST. 

As indicated earlier (Section 16.2.2), complex food 
webs can be represented as an "effective food chain" 
composed of virtual or "canonical" trophic levels 
(Fig. 16.6) by apportioning the network of flows 
among a series of integer trophic levels (Ulanow- 
icz and Kemp, 1979). This representation, sometimes 
called a "Lindeman trophic aggregation" or "Linde- 
man spine," can provide insight into trophic struc- 
ture. A key step involves mathematically removing 
flows associated with cycles among living compart- 
ments, as these create, in theory, an infinite number of 
trophic levels. Cycles involving detritus may remain 
since by convention the trophic level of detritus is 
equal to 1 (i.e., primary producer). The effective food 
chain generated from the food web in Figure 16.15 
has four virtual trophic levels (Fig. 16.16). The longest 
path begins with either primary producers or detritus 
and involves flow from detritus, to detritivores, to 
grazers, and then to carnivores (i.e., 6 — >• 4 ^ 2 ^ 3; 
Fig. 16.15). Only a small fraction (13%) of consump- 
tion by carnivores occurs via this pathway. As a 
result, the yield to humans of carnivores is at an aver- 
age trophic level of only 3.16, or 16% at trophic level 
4 and 84% at trophic level 3. This is typical of the 
world's fisheries harvests (Pauly et al., 1998). 

The effective food chain may also describe aver- 
age efficiency of the food web at each virtual trophic 
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FIGURE 16.16 The effective food chain obtained by project- 
ing the food web in Fig. 16.15 into a chain of "canonical 
trophic levels." Flows to detritus are collected in a detritus 
compartment (labeled "D") and assigned a trophic level of 
1. Exports from trophic level 3 and 4 total to 15, the export 
from compartment 3 (carnivores), revealing the "appor- 
tionment" of activity between trophic level 3 and 4. The 
effective trophic level for carnivores is 3.13 because most of 
the export is at trophic level 3. 



level. Of the 750 g C/ m^/ year input to trophic level 1 
(phytoplankton plus detritus), 540 g C/m^/ year, or 
72%, flows to the second trophic level (Fig. 16.16). 
Upper trophic levels tend to be less efficient. In 
Figure 16.16, only 24% of the flow to trophic level 
2 is passed to the third trophic level and only 13% is 
subsequently passed to the fourth. The highest trophic 
level has, by definition, a trophic efficiency of zero. 

16.6.4 Indirect Interactions 

Analysis of food web models enables quantification 
of how flows depend on any other flows, whether 








436 I CHAPTER SIXTEEN Estuarine Food Webs 



directly or indirectly (Ulanowicz, 2004). For example, 
an important question is how much the flows within 
the food web ultimately depend on a specific inpuf, 
such as primary production. Inpufs in fhe example 
food web (Fig. 16.15) include primary production 
and defrifus. Nefwork analysis reveals fhaf 84% of 
the export from comparfmenf 3 depends on pri- 
mary producfion, even fhough fhere are no flows 
from primary producers fo comparfmenf 3. The total 
dependency matrix (Szyrmer and Ulanowicz, 1987) gen- 
eralizes fhis kind of analysis, quantifying fhe fraction 
of each flow fhaf previously flowed fhrough each 
of fhe ofher nodes via all pafhways. A relafed con- 
cepf is fhe total contribution matrix, which quantifies 
the fraction of flow from each node fhaf eventually 
reaches each of fhe ofher nodes, again via all pafh- 
ways. As an example, fhe fofal confribufion mafrix 
for fhe example food web (Fig. 16.15) indicafes fhaf 
50% of phytoplankton producfion reaches grazers 
via all pafhways, even though only 46% of primary 
producfion flows direcfly from primary producers 
fo grazers. The confribufion mafrix is relafed fo fhe 
concepf of primary production required (PPR, Chris- 
fensen ef al., 2004), which illusfrafes fhe magnifude 
of PPR to sustain a particular fisheries yield. In fhe 
example, 26% of fhe primary producfion flows fo car- 
nivores via all pafhways. Thus, 90 g C/m^/ year of 
primary producfion is required fo susfain fhe harvesf 
of carnivores. 

A useful way fo undersfand bofh direcf and indi- 
recf frophic impacfs in a food web is fo use a procedure 
called mixed trophic impacts (Ulanowicz and Puccia, 
1990), which expresses fhe nef effecf of a node on 
anofher node via a coefflcienf befween —1 (sfrong 
negafive effecf) and -|-1 (sfrong positive effecf). For 
example, fhe direcf effecf of primary producers on 
grazers (Fig. 16.15) is sfrongly positive (-1-0.78) and 
fhe nef effecf of grazers on phytoplankton is, nof 
surprisingly, sfrongly negafive (—0.57). Carnivores 
have no direcf effecf on phyfoplankfon; fheir indirecf 
frophic impacf is posifive (-1-0.17) because fhey exerf 
fop-down confrol on fhe grazers, implying a subfle 
frophic cascade (Section 16.3.4). 

16.6.5 Dynamic Simulation of Food Webs 

Thus far, all fhe food web models fhaf have been 
discussed are static models. That is, they describe the 
magnitude of frophic flows in a food web as eifher 
observed or calculated (e.g., via inverse analysis). 
Although much can be inferred from sfafic food 
web models, particularly by comparing models 
for different times and places, they cannot address 
“what if" questions. For example, "how would fhe 
food web change if an imporfanf predafor or grazer 



were eliminafed?" Anofher quesfion might be "how 
would the food web change if an imporfanf habifaf 
was made unavailable?" These questions can be 
addressed using dynamic food web models, which 
simulate changes in biomass and flows fhrough time. 
Alfhough dynamic simulafion models are nof new, 
successful applications fo complex food webs are 
relatively new. One problem that has been encoun- 
tered is that d 5 mamic food web models fended fo 
"self-simplify," unrealisfically losing frophic groups 
(i.e., fheir biomass goes fo zero), whereas real food 
webs fend fo maintain diversity (Walters et al., 
1997). To address this, Walters et al. (1997) observed 
that predator -prey encounters can be mediated by 
behavioral or physical mechanisms that can limit the 
availability of prey. A model sfrucfure representing 
fhese processes performed much better and incor- 
porafed as "Ecosim" info fhe previously mentioned 
Ecopafh wifh Ecosim software. The software has 
since been generalized by adding "Ecospace" to 
support spatially explicit simulations, broadening 
the range of fhe "whaf if" questions fhaf may be 
addressed (Pauly ef al., 2000). D 5 mamic food web 
models require all fhe information needed fo quantify 
sfafic food web models, plus additional information 
to characterize trophic dynamics (e.g., how flows 
change in relation to changes in biomasses of each 
frophic node). The addifional dafa requiremenfs for 
parameterizing d 5 mamic food web models poses a 
challenge for ensuring fhaf fhese models are well 
consfrained by dafa. 

16.7 APPLICATIONS OF FOOD 
WEB ANALYSIS IN ESTUARIES 

Analysis of esfuarine food webs from a holisfic per- 
specfive is valuable for several reasons. Analysis of 
esfuarine food webs as a whole is useful and nec- 
essary because esfuarine ecosystems funcfion as an 
interactive whole and cannof be fully understood 
by examining only a subsef of fhe whole. Analy- 
sis of esfuarine food webs can help in idenfifying 
errors or gaps in our ecological undersfanding. This 
is imporfanf because quanfifying esfuarine food webs 
usually involves assembling many different kinds of 
informafion. Uncertainfy is reduced by reconciling 
independent observations via the mass balance and 
other constraints associated with quantifying food 
webs (Secfion 16.6.1; Chrisfensen and Wallers, 2004; 
Ulanowicz 2004). Quanfifying fhe whole may also 
reveal if one or more componenfs has been over- 
looked or mischaracferized (Gueneffe ef al., 2008). In 
fhis sense, analysis of whole food webs is useful in fhe 
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same way as construction of estuarine nutrient bud- 
gets, which interrelate independent measurements 
of nufrienf inpufs, fluxes, and fransformafions via a 
mass balance (Chapfer 17). 

Analyzing esfuarine food webs makes if possi- 
ble fo confrasf food webs and characferize changes 
over fime. These changes may fhen be relafed fo fac- 
tors causing fhe change. Food web changes may be 
reflected in fofal systems properfies, such as fofal 
sysfems fhroughpuf or average pafh lengfh, or, alter- 
natively, in properties that pertain to one or more 
nodes, such as average trophic level of a species or 
of fhe fofal fisheries harvesf (Chrisfian ef al., 2005; 
Shannon ef al., 2009). Such changes can be caused by 
a variefy of factors, including eufrophicafion (Baird 
ef al., 2004) and fishing pressure (Breifburg ef al., 
2009), bofh pofenfially imporfanf in esfuaries. Major 
sforms and river flow evenfs may also impacf food 
webs. Alfhough sfudies have characferized fhe effecfs 
of such perfurbafions on componenfs of esfuarine 
food webs (Paerl ef al., 2006), more holisfic analyses 
appear to be lacking. In general, understanding and 
predicting how many of fhe facfors fhat impacf esfu- 
aries (e.g., river flow, nufrienf loading, sforms, habifaf 
modifications, climate change) impact the size, struc- 
ture, and function of whole food webs remains a 
ferfile ground for research. 

Food web models can be used fo optimize design 
of ecological interventions such as restoration projects 
and marine protected areas. For example, a food web 
analysis showed fhaf creafing a small marine pro- 
tected area can acfually increase rafher fhan decrease 
fhe cafch of fop predafors because of frophic cascades 
(Walfers ef al., 2000). Food web models were also used 
fo quanfify fhe increase in fisheries producfion associ- 
ated with a marsh restoration project on Delaware Bay 
(Frisk et al., 2011), to evaluate the impact of a marine 
reserve in Sf. Lucia on nearby artisanal (i.e., small- 
scale) fisheries and fo undersfand how a wildlife 
refuge in Florida benefifed nearby recreational fish- 
eries (Roberfs ef al., 2001). A good goal would be 
fo develop esfuarine food web models paired wifh 
field-based and experimenfal research programs fhaf 
can be used fo bofh supporf modeling and fesf fhe 
conclusions fhaf may be drawn from fhem. 

Analysis of esfuarine food webs is a useful 
fool for environmenfal managemenf, particularly as 
managemenf moves from single species fo ecosysfem- 
based managemenf (Dame and Chrisfian, 2006). 
In facf, fhe US Nafional Oceanic and Afmospheric 
Adminisfrafion (NOAA) recognized fhe develop- 
menf of ECOPATH as one of fhe fop 10 scientific 
breakfhroughs in fhe 200-year history of fhe agency 
(including ifs predecessor, fhe US Coasf and Geodefic 



Survey, founded in 1807). Nonefheless, much poten- 
tial remains unrealized. Environmental management 
programs often aim to achieve, maintain, or maxi- 
mize things such as ecological integrity or condition, 
biological productivity, and ecological services 
(e.g., Borja et al., 2009). Yet, these concepts often 
lack adequate operational definitions, particularly 
in estuaries. Practical approaches for moniforing, 
assessing, or goal setting are often lacking. Tools for 
linking management of wafer qualify and food webs 
are still in fheir infancy (Cerco ef al., 2010). Paced with 
inadequate data and tools, management of esfuarine 
ecosysfems musf sometimes fall back on simpler 
indicators such as chlorophyll a concentration (e.g., 
Boyer et al., 2009), which do not capture important 
aspects of ecosystem infegrify, condifion, or services. 
Building on fhe worfhy foundation that already 
exists, there remains a real need to develop practical 
scientific mefhods and fools fo enable policy makers 
fo quanfify and relate wafer qualify and habifaf qual- 
ify in esfuaries fo meaningful indicators of esfuarine 
food web sfructure, function, and condifion. 
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BUDGET ANALYSES OF ESTUARINE 
ECOSYSTEMS 



Walter R. Boynton and Scott W. Nixon 



Give me but one firm spot on which 
to stand, and I will move the earth. 
Archimedes (Oxford, 1953). 



17.1 INTRODUCTION 



Present-day ecologists can sympathize with 
Archimedes, the ancient Greek mathematician and 
engineer often credited with the invention of fhe 
lever, a very simple buf powerful machine. Our 
ambifions are more modes! fhan his, buf we, foo, 
are much in need of some firm ground on which 
fo sfand. As previous chapfers in fhis book have 
shown, esfuaries and ofher coasfal ecosysfems are 
very complex mixes of social and nafural sysfems 
thaf are highly variable on many scales of space 
and time. Much of our knowledge is based on 
imperfecf measuremenfs made on individual pieces 
of ecosysfems — chemical concenfrafions, currenf 
speeds, cell counfs, fish landings, and fhe like. Also, 
we are finding new pieces and new cormecfions 
among fhe pieces all fhe fime. In fhe face of such 
greaf complexify, variabilify, and uncerfainfy, how 
do ecologisfs sfep back and check fo see if fhe various 
pieces are fiffing togefher, fo see if fhey are missing 
important pieces, to see if fheir measuremenfs are 
making sense? One of fhe mosf importanf fools we 



use is, like fhe lever, very simple in concepf buf very 
powerful in ifs application — fhe budgef. 

In ifs simples! form, a budgef for an organism, 
a populafion, an ecosysfem, or fhe biosphere is jus! 
whaf if is for a person, a family, or a counfry — a 
balancing of whaf comes in, what goes out, and how 
much has changed within the system during the time 
period of interesf. A major difference is fhaf mosf 
human beings are usually inferesfed in budgeting 
money rafher than things such as energy, water, car- 
bon (C), nitrogen (N), phosphorus (P), sediment, or 
various pollutants such as heavy metals that are usu- 
ally the subject of budgefs fhaf coasfal and esfuarine 
ecologisfs make. Anofher imporfanf difference is fhaf 
ecosysfems carmof creafe energy or maferials like 
governmenfs can prinf money nor can ecosysfems 
borrow from fhe fufure. In ofher words, ecosysfems 
are consfrained by fhe firm ground of fhe laws of con- 
servation of mass and energy. Any difference befween 
whaf comes in and whaf goes ouf musf be accounted 
for by a decrease or increase in fhe amount the sys- 
tem started with. Thus, there must be over any time 
period a mass or energy balance of fhese fhree ferms 
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or components of the budget — inputs, outputs, and 
changes in storage. This constraint is the "firm spot" 
on which all our ignorance, errors, and uncertainty 
must come to rest and be resolved or, at the very least, 
recognized. 

17.1.1 Making Budgets 

Constructing budgets (mass or energy balances) at 
whatever level of organization, from individuals to 
ecosystems, is often as challenging in execution as it 
is simple in concept. It usually involves a S 5 mthesis 
of many different kinds of measurements made by 
many different people in many different ways and at 
many different times to generate the holistic picture 
of a budget. And the picture that results may be 
exciting and rewarding (Wow -it all makes sense!) 
or humbling and frustrating (What are we missing? 
Those data must be wrong!). 

Ecologists (and managers) also often want to 
go beyond first-order accounting of inputs, outputs, 
and changes in storage of a total element to ask 
about the different forms of material or energy. 
For example, it complicates the task greatly to try 
to budget not just total N but all the constituent 
forms of N — ammonium (NH 4 ), nitrite (NO 2 ), and 
nitrate (NO 3 ) — which together constitute dissolved 
inorganic N or DIN; N 2 and N 2 O gases (which are 
inorganic forms of N that can be dissolved in the 
water but are not included in traditional DIN); dis- 
solved organic N or DON (which is itself a complex 
mix of compounds); and particulate organic N or PON 
(which ranges from viruses and bacteria to whales). 
Of course, accounting for some or all of the different 
forms allows us to learn much more about the organ- 
isms and processes that are producing the overall 
changes in N that we see in the total N budget. 

Many efforts to develop budgets also grow more 
complicated because they include processes that con- 
tribute to the overall behavior of the budget. For the 
example of an N budget, we can ask questions like, 
"Once DIN enters the estuary, how much is taken up 
by the phytoplankton compared to the macroalgae? 
Flow fast does N in plankton and macroalgae get recy- 
cled into DIN before it is lost from the system?" Such 
questions may be important and answering them may 
lead to new knowledge. Flowever, they may also dis- 
tract us from the task of completing an ecosystem 
level mass balance. As more detail is added to the 
budget, more questions will likely arise about how 
those details may change over time or under differ- 
ent environmental conditions. Trying to answer these 
questions requires that the budget becomes d 5 mamic 
rather than remain static. In this way, a static bud- 
get can evolve into a d 5 mamic simulation model. 



Such d 5 mamic models must also maintain a mass 
balance for all constituents they simulate — from salt 
and water to C, N, and P — and this can be a very 
demanding standard. No matter how mathematically 
elegant or rich in detail models become, no matter 
how colorful and impressive their GIS-based output 
becomes, they rest on the base of the humble budget. 

17.1.2 A Brief History of Budgets 
in Coastal Ecology 

The budget is such an intuitive concept that it has 
been part of our thinking about nature for a very 
long time. Its use as a formal scientific framework 
for studying ecosystems seems to have begun in the 
late 1800s and early 1900s. Flutchinson's (1957) classic 
Treatise on Limnology describes the first (and flawed) 
heat budget for a lake published in 1880 and the 
development of water balances for watersheds and 
lakes begirming in the early 1900s but did not dis- 
cuss nutrient budgets explicitly. It seems likely that 
the rising awareness of nutrient pollution as a seri- 
ous problem in lakes stimulated the development 
of nutrient mass balances by freshwater ecologists 
beginning in the 1960s (National Academy of Sci- 
ences, 1969). The development of nutrient budgets 
for marine ecosystems can be traced to the much ear- 
lier work of Johnstone (1908) who estimated and/or 
identified many of the terms of the N budget for 
the North Sea. Fie reported that far more N flowed 
into the sea from land than was returned in fisheries 
landings. This balance is still of interest for estuaries 
(Deegan, 1993). The more recent concerns with nutri- 
ent pollution in coastal marine systems led to the 
development of nutrient budgets for many estuaries 
(Smith and Atkinson, 1994; Bo 5 mton et al., 1995; Nixon 
et al., 1995) and even continental shelf systems (Nixon 
et al., 1996). Nutrient pollution aside, budgets can tell 
us other important things about coastal ecosystems, 
including their net ecosystem metabolism (do they 
produce more organic matter than they consume?) 
and export of primary and secondary production to 
other systems (Nixon and Pilson, 1984; Kemp et al., 
1997). Such basic ecological questions, as well as 
the link between nutrient pollution and eutroph- 
ication, stimulated a large international effort to 
develop nutrient budgets for many estuaries using 
a standard methodology. More details of the ambi- 
tious project, Fand-Ocean Interactions in the Coastal 
Zone (FOICZ) can be found in the Web site http:// 
www.loicz.org/ products/budget/index.html. 

While water and heat energy budgets appear 
to be more common in lakes, the approach has 
been applied to coastal marine ecosystems including 
lagoons (e.g.. Smith, 1994) and salt marsh tidal creeks 
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(McKay and Di lorio, 2008). Mechanical energy bud- 
gets are more common in the much more energetic 
tidal systems of the coasts and continental shelves 
(Nixon, 1988, see also Taylor, 1919 for fhe Irish Sea 
and Foreman ef al., 2006 for fhe Bering Sea). Examples 
of mechanical energy budgefs involving wind and 
fide in smaller esfuarine sysfems include Narra- 
ganseff Bay, RI (Levine and Kenyon, 1975), Greaf Bay, 
NH (Brown and Trask, 1980), and Long Island Sound, 
NY (Bokuniewicz and Gordon, 1980). As we nofed 
earlier, any esfuary where credible models of wafer 
circulation and ecosystem d 5 mamics have been devel- 
oped also has budgets embedded in those models 
of wafer, salf, perhaps heaf, mechanical energy, and 
biogenic elemenfs fhaf are simulafed (C, N, and P). 

Sedimenf budgefs have documenfed fhe “aging" 
or filling in of esfuaries and fhe imporfance of major 
sforms on sedimenf delivery (e.g., Schubel and Garfer, 
1977; McKee ef al., 2006). Wifh fhe growing aware- 
ness of environmental pollution in the late 1960s and 
1970s, geochemists linked sediment budgets with a 
variety of polluf anfs fo develop budgefs of heavy mef- 
als, nuclides, and pefroleum hydrocarbons in coasfal 
sysfems (Turekian ef al., 1980; Nixon ef al., 1986; Mar- 
cus ef al., 1993). Such budgefs play an imporfanf role 
in helping fo idenfify fhe relafive imporfance of var- 
ious sources of pollufanfs and suggesting priorifies 
for remediation and freafmenf. They also highlighf 
imporfanf sinks for differenf pollufanfs and pafh- 
ways by which fhey may be fransporfed fo adjoining 
sysfems. 

In the remainder of fhe chapfer, we give examples 
of case sfudies illusfrafing esfuarine budgefs of vary- 
ing purpose and complexify fhaf have been prepared 
and analyzed in differenf ways. Lirsf, we discuss bud- 
gef definitions, boundary setting, the choice of unifs, 
and issues of uncerfainfy and error (Box 17.1). We 
fhen presenf a selecfed number of budgef case sfudies 
and close wifh examples of fhe applicafion of budgef 
analyses in environmental management issues. 

17.2 PRINCIPLES AND METHODS 



17.2.1 Definitions 

Simply put, budget analyses or mass balances are 
an application of fhe conservafion of mass or energy 
laws fo physical (e.g., wafer and salf balances), chem- 
ical (nufrienf budgefs), or biological (e.g., salf marsh) 
sysfems, communities, or individuals. The consfrainf 
fhaf mass and energy musf be conserved is fhe 
foundation of budgef analysis. Budgefs fhaf balance 



BOX 17.1 Budget Terms 

There are a number of terms that ecologists, 
biogeochemists and others who make budgets use 
frequently. Some of them are defined below: 

SYSTEM - the entity for which a budget is being made. 
The system can be at any level of organization 
and it may be living, non living, or a mix of both. 

TIME OF REFERENCE - the time period over which 
the budget is being developed, usually a day, a season, 
or a year in ecological work. 

BOUNDARY - the physical perimeter of the system, 
including the depth of soil or sediment. 

INPUTS - energy or material that crosses the boundary 
from outside the system. 

OUTPUTS - energy or material that crosses the 
boundary from inside the system. 

SOURCES - where the inputs come from or, in some 
cases, the processes that generate the inputs (e.g. N 
fixation is a source of N). 

SINKS - where the outputs go or the processes that 
generate the outputs (e.g. denitrification is a sink for N) 
or places in the system where the energy or material 
being budgeted accumulates without participating in 
processing within the system. For example, long term 
burial in sediments may be called a sink for some 
pollutants that adhere strongly to particles. 

TRANSFORMATIONS - are changes in the form of the 
material being budgeted within the system (e.g. 
dissolved N may be transformed into particulate N). 

RESERVOIR - a place where the material being 
budgeted accumulates or is stored within the system. 



(inputs = outputs -|- changes in storage) lead us to 
believe that we have some understanding of the sys- 
tem while those that do not balance indicate that we 
have missed something important. 

The conservation of mass/matter states that the mass 
of a closed system will remain constant; matter can 
be neither created nor destroyed although it can be 
rearranged. This implies that for any process in a 
closed system the mass of the reactants must equal 
the mass of the products. In common-sense wording, 
all inputs of matter must be accounted for in storages 
or outflows of matter. 
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The conservation of energy law states that the total 
amount of energy in an isolated system remains con- 
stant but can change from one form of energy fo 
anofher (e.g., kinefic fo fhermal). In common-sense 
wording, all fhe energy thaf enters a system is either 
stored there or flows ouf. 

In simple ferms, mosf mass or energy balances 
used in esfuarine sfudies fake fhe form of accounfing 
for all known inpufs, outpufs, and changes in the 
amount of mass or energy in the system (i.e., increase 
in stored carbon due to growth). However, as a 
practical matter, many ecosystem-scale budgets 
assume steady-state conditions where there is no net 
change in storage for fhe period of fime considered 
in the budget. 

During the past few decades, if has become abun- 
danfly clear fhaf many esfuarine environmenfs are 
seriously degraded and fhis has spawned a variefy of 
sfudies designed fo assess environmenfal conditions, 
defecf frends, and serve as a basis for implement- 
ing pollution control measures. As a result, large 
amounts of dafa have become available for many 
esfuarine sysfems. However, much of fhis informa- 
fion has been inferprefed in terms of relatively narrow 
issues (e.g., have nutrienf and chlorophyll concen- 
frafions changed? Have h 5 rpoxic zones increased in 
size?). From fhese sources, if is difficulf fo gain an 
undersfanding of fhe relative imporfance of vari- 
ous inpufs, losses, fransformations, and fransport of 
maferials. The consfrucfion and evaluation of bud- 
gefs provides a concepfual and pracfical framework 
fo gain perspecfive and undersfanding of fhese issues. 

17.2.2 A Simple Example .. . Was Dave 
a Drinker? 

Dave, our firsf example of using budgefs fo answer 
inferesfing questions, was nof an overenfhusiasfic 
consumer of red wine or summer ale buf was a 
California sea lion, Zalophus calif ornianus. And fhe 
liquid in question was seawafer. The question is 
inferesfing because sea lions live on dry rocky 
islands where fhere is no fresh wafer. They eaf large 
amounfs of fish and squid high in profein and fhus 
nifrogen (N). Mefabolizing fhe profein produces 
foxic N compounds fhaf musf be excrefed in urine. 
In fhe mid-1960s, a young biochemisf named M. E. 
Q. Pilson working at the San Diego zoo began asking 
himself how sea lions obfained fhe wafer fhey used fo 
produce urine and excrefe fhe N. Did fhey drink sea 
wafer? If so, fhey had anofher problem — fhey would 
have fo excrefe fhe salfs fhat fhe wafer confained. 
This was also a problem wifh fhe squid in fheir 
diefs since fhese confain high concenfrafions of 
salf. Could fhe animals obfain enough wafer from 



fhe fish flesh and mefabolize fhe organic matter 
if confained? Recall fhaf respiring organic matter 
produces wafer as well as carbon dioxide. Dr. 
Pilson decided fo answer his question by making 
budgefs. 

Working af a zoo had cerfain advanfages, includ- 
ing access fo fhe young sea lion named Dave and 
a “mefabolic cage" in which Dave could be main- 
fained and his food infake carefully monifored for 
wafer, N, and salfs. His urine and fecal wasfe were 
also collecfed each day and fheir confenfs measured. 
Pilson (1970) presented Dave's total input and output 
of wafer, N, and salfs for a forfy-day period during 
which Dave neifher gained nor losf weight. His daily 
average consumption of 1.6 kg of mackerel kepf him 
in sfeady sfafe af 50-kg body mass. The aufhor also 
nofed, "The mosf imporfanf resulf is fhaf Dave sur- 
vived fhe entire period wifhouf apparenf ill effecf." 
Buf Dave also answered his quesfion and provided 
some infroducfory lessons abouf budgefs (Fig. 17.1). 

The beaufy of Dave's budgefs is fhaf fhe bound- 
aries of fhe sysfem are obvious, unambiguous, and 
unchanging — his body. A second nice circumsfance 
is fhaf fhe infernal sforages did nof change — he was 
in a sfeady sfafe of weight so we can assume that 
the amount of wafer, N, and salt he contained did 
not change over the 40 days. Inspecting the N bud- 
get shows immediately that urine is by far the most 



2048 56,988 




1856 34,674 



FIGURE 17.1 A simple nitrogen and water balance for 
"Dave the Sea Lion." Both nitrogen and water flows are in 
units of grams per 40 days. See text for details of this budget 
development. Source: Data are from Pilson (1970). 
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important path by which N was removed and that 
the measured total output of N is very close to the 
estimated input. We say estimated input because the 
N content of each fish fed fo Dave could nof be mea- 
sured and fhere is some variafion in N content of 
individual fish. A mean N confenf per unif weighf of 
mackerel was used fo calculafe fhe fofal N consumed. 
A more imporfanf poinf is fhaf while fhe inpuf and 
outpuf of N is close, almosf 10% of fhe N inpuf was 
nof accounted for even under fhese tighfly confrolled 
conditions in a simple sysfem wifh clear boundaries, 
daily measuremenfs, and a meticulous, highly framed 
analysf . The wafer budgef is even more ouf of balance 
with total measured output only equal to 61% of fhe 
inpuf. Over 80% of fhe inpuf was "preformed" wafer 
in fish flesh and, again, urine is by far fhe major loss 
ferm. The "missing" wafer loss amounfed fo more 
fhan 22 1 fhaf Pilson (1970) affribufed fo evaporafion 
from Dave, largely in his exhaled breath. An impor- 
tant lesson is that even simple systems may not be as 
well constrained as we first think them to be. But even 
with these problems, the answer to the question that 
prompted the budgets seems clear — Dave survived 
and handled his N balance well without the need to 
consume any water other than that contained in the 
fish he consumed. Neifher he nor ofher sea lions need 
drink seawafer fo survive. 

17.2.3 Deciding on Space and Timescales 
for Mass or Energy Budgets 

There are a few hard and fasf rules concerning fhe 
boundaries of a budgef. Mass and energy balances 
have been carried ouf for sysfems as large as fhe 
continental shelf of fhe Norfh Aflanfic Ocean down 
fo fhe size scale of individual organisms. However, 
as a pracfical matter, boundaries are often chosen 
based on common-sense ideas. In many insfances, 
whole sysfem evaluations of nufrienf, confaminanf, 
or organic carbon budgefs use fhe physical shape of an 
esfuary as a boundary. In many of fhese cases, a river 
is at the head of fhe esfuary (fhe upsfream bound- 
ary), shorelines define fhe sides, and fhe ocean is fhe 
seaward boundary. In ofher cases, fhe morphology of 
fhe esfuary is employed in defining boundaries. For 
example, N and P budgefs for fhe entire Baltic system 
were divided into seven subbasins based not only 
on both shoreline geography but also on the loca- 
tion of subsurface sills and associafed deep basins 
(Savchuk, 2005). Boundaries for nufrienf budgefs for 
Chesapeake Bay and fribufary rivers were based on 
fhese considerafions (Bo 5 mton ef al., 1995). In ofher 
cases, boundary deferminafions are nof quife as sim- 
ple. For example, sea grass beds have edges buf fhese 
are often nof as sharp as a shoreline; fhere are often 



large areas of dense vegefafion buf fhen less dense 
areas, particularly af fhe edges of fhe bed. In some 
of fhese cases, budgefs are developed for unif areas 
(rafes or mass per square mefer) represenfing fhe 
dense, well-developed portion of fhe bed (Risgaard- 
Pefersen ef al., 1998). Similar uncerfain edges occur in 
tidal marsh sysfems having bofh vegefafed areas and 
areas of inferfidal bare sedimenfs and fidal creeks. 
For any budgef, if needs fo be clearly sfafed where 
fhe boundaries are locafed. 

A general principle for selecfing boundaries 
involves fhe notion of feedbacks. In all living 
sysfems, feedbacks are essential control mechanisms. 
For example, in a planktonic system, unicellular 
autotrophs use light energy to produce organic matter 
from inorganic carbon and nufrienfs. Zooplankters 
fhen nof only consume fhe plankton as a food supply 
for maintenance, reproduction, and growth but also 
provide "feedback services" in fhe form of nufrient 
recycling, selecfive feeding on phyfoplankfon, and 
fhe like. Basically, fhese componenfs are coupled 
by pafhways of food producfion and feedbacks. In 
general, boundaries should be drawn where flow 
pafhways of maferials or energy are unidirecfional 
and where feedbacks are eifher weak or basically 
nonexisfenf. In fhe case of an esfuarine nufrienf 
budgef, inpufs fo an esfuary from a river are largely 
unidirecfional; wifh fhe inferesfing excepfion of 
anadromous fish migrafions (Krokhin, 1975 for 
salmon and Durbin ef al., 1979 for fhe alewife), fhere 
are no significanf feedbacks from fhe esfuary fo fhe 
upland sources of nufrienfs. 

Selection of budgef fimescales is also often based 
on common sense. Timescales need fo be consisfenf 
wifh fhe dominanf processes examined in fhe budgef. 
For example, in bioenergefic budgefs of fishes, species 
timescales of decades would exceed fhe lifetimes 
of many fish species; fhese models are generally 
evaluafed on timescales of hours and days. Con- 
versely, an esfuarine organic carbon budgef is often 
evaluated based on measurements made at the daily 
timescale and then scaled up to seasonal and annual 
time periods. Finally, data availability often impacts 
development of budgefs. For example, in femperafe 
zone esfuaries, fhere are periods of high and low 
producfion and respiration fhaf vary wifh seasonal 
patterns of femperafure, river flow, nufrienf availabil- 
ify, and ofher facfors. Given fhis, seasonal budgefs are 
often parficularly useful. However, in many cases, 
dafa may nof be available for such finer-scale compu- 
fafions. So, in some insfances, fhe femporal resolufion 
of a budgef is governed simply by dafa availabilify. 
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17.2.4 Scaling Measurements to Budget 
Requirements 

Mass and energy budgets are basically empirical 
exercises, that is, they are based on measurements 
made in the environment. Many researchers have 
stood on the deck of a research vessel, groped around 
in the jungle of salf marsh vegefafion or examined 
dafa from a pile of publications, and asked a question 
central to constructing budgets. That basic question 
is "how representative is this sample?" Does it repre- 
sent just this bucket of wafer, or fhe mid-salinify zone 
of fhe estuary or conditions in the full esfuary? 

However, fhere are some fechniques available 
fo help scale-up measuremenfs necessarily made af 
small scales fo fhe larger scales generally needed 
in budgef developmenf. Schneider (1994) provided 
a series of practical sfrafegies (wifh sfrengfhs and 
weaknesses) for scaling up environmenfal dafa. These 
include (i) simple multiplication of small-scale mea- 
suremenfs fo fhe size of fhe natural system; (ii) use of 
such linear scaling only for fhose quantities that have 
limited scope values (ratio of fhe largesf fo small- 
esf value); (hi) use of large exfent, fine-grain dafa 
(e.g., large-scale and fine-grain ocean or ferresfrial 
color images) coupled wifh small timescale and space 
scale measuremenfs (e.g., field-based algal biomass 
esfimafes) fo obfain large-scale esfimafes via sum- 
mation rather than multiplication and several other 
more complex techniques. Here, space precludes pro- 
viding examples of each of fhese fechniques, buf 
Schneider (1994) provides several examples of each 
approach. T 5 rpically, scaling up of environmental 
data used in estuarine budgets has used the three 
approaches listed above or some combination of fhese 
approaches. 

17.2.5 Mass Balance versus Simulation 
Models 

Those jusf begirming fo undersfand and use mass and 
energy balance models offen ask abouf fhe differences 
befween fhese and simulafion models. Furfhermore, 
fhere are quesfions concerning fhe sfrengfhs and 
weaknesses of fhese analytical fechniques. The basic 
answer fo fhe firsf quesfion is fhaf bofh mass balance 
and simulafion models sfarf wifh a concepfual 
model and require quantifative evaluation of inpufs, 
internal losses, storages, and exports. In short, both 
must meet the criteria of mass or energy balance. 
However, in fhe case of mass balance models, fhe 
fask is complefed when all flows (and sforages when 
needed) in the conceptual model are evaluated and 
explained. In contrast, simulation models also require 
explicit mathematical formulation of fhe mechanisfic 



relationships of flows and inferacfions of flows and 
sforages (also called state variables). For example, in 
an organic matter mass balance budgef, if is sufficienf 
to know the rate of organic matter producfion, 
whereas in a simulation model, the relationships 
between sunlight, nutrients, grazing losses, and 
other factors must be estimated and formulated into 
a mathematical expression estimating the rate of 
organic matter producfion. So, mass balance requires 
a value; simulafion requires bofh a value and a mafh- 
ematical explanation of fhe value. Thus, simulafion 
models require more dafa fhan do mass balances and 
also more undersfanding of sysfem componenfs and 
inferacfions among componenfs. Simulafion models 
are more difficulf fo develop buf, because fhey are 
run forward fhrough fime, allow for prediction or 
forecasfing and are offen used for fhis purpose. 

17.2.6 Dealing with Errors in Mass 
and Energy Balance Models 

One cerfainfy in science if is fhaf fhere are errors 
in all measuremenfs and analyses. Mass and energy 
balances are, despife fhe simplicify of fhe concepf, no 
excepfion. This section considers a few ways error can 
be evaluafed in budgefs and a few ways large errors 
can be avoided. 

17.2.6.1 Some Simple Error Evaluations 

Esfimafes of measuremenf error can readily be 
developed for many variables. For example, insfru- 
menfs have levels of defecfion and various levels of 
precision. Laborafory analyses of many variables can 
be conducfed wifh a high degree of accuracy and pre- 
cision. Even more complex processes, such as rafes 
of algal producfion, denifrification, or sedimenf rem- 
ineralizafion of organic maffer, have errors fhaf can 
be evaluafed by faking replicafed samples and com- 
puting measures of variance. In all of fhese examples, 
quantifative estimates of error can be generafed. 

Af larger scales, fhere may be monitoring pro- 
grams, as, for example, by fhe US Geological Survey 
(USGS, 2004; http://va.wafer.usgs.gov/chesbay 
/RIMP/loads.hfml), fhaf measure such parameters 
as river flow, nifrogen and phosphorus concenfra- 
fions, rainfall, and ofher weafher dafa, and fhese 
dafa have error esfimafes associafed wifh them. 
However, not all inputs to estuaries can be measured, 
and error evaluated, so directly. Landscape models 
have frequently been used to estimate inputs and 
associated errors. Eor example, Williams et al. (2006) 
used a watershed model to estimate inputs from 
nongauged portions of fhe Pafuxent River esfuary 
and reported annual-scale errors for flow, TN, and 
TP inpufs of 26%, 15%, and 40%, respecfively, and 
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also found that model errors declined from short (<1 
day) to long (multiyear) timescales because over- and 
underestimates of flow and load tended to cancel out. 

However, this still leaves us with the question of 
just how good a mass balance evaluation might be. 
Are the errors likely to be so large that conclusions 
are hard to reach or are compromised? Investigators 
have used some simple approaches that provide an 
indication of uncertainty in budget results and the 
first relies on the budget framework itself. Budgets 
require all inputs, changes in storages, and losses to 
be identified and quantified. The simple comparison 
of the magnitude of a variety of inputs or losses serves 
as a check on these values. If an input or loss term in 
a budget is much larger or smaller than anticipated, 
then data sources and calculations should be checked. 
Some investigators have used the idea of a range of 
values for budget terms where such estimates are 
available. For example, Nixon et al. (1995, 1996) used 
this approach in developing nutrient budgets for a 
variety of estuarine systems. It appears that in most 
cases the range of values was not large enough to 
change budget conclusions but does remind us that 
even simple budgets need to be checked. Finally, it 
is important to remember that many mass or energy 
budgets are not complete evaluations. In these cases, 
one term of the balance is estimated by subtraction 
of all known losses from all inputs. For example, 
net exchanges of nitrogen and phosphorus between 
Chesapeake Bay and the coastal ocean were deter- 
mined in this manner because it was simply too 
difficult to directly estimate these values (Bo 5 mton 
et al., 1995). 

17.2.6.2 Avoiding Big Errors 

Avoidance of “big errors" in budget analyses is 
of central importance. By big errors we mean the t 5 rpe 
of error that would change, in an important marmer, 
the results of a budget analysis. This sort of error is 
much larger than the error associated with a chemical 
analysis or a measurement of temperature. 

For example, measurements essential for budgets 
are often made on a small size scale (e.g., sediment 
oxygen consumption or sediment denitrification 
using an incubation chamber covering 0.25 m^ of 
sediments). One common feature of many measure- 
ments is the need to "scale-up" these measurements 
in both time and space and herein lies one of the 
possibilities for making big errors. Have sufficient 
measurements been made in time and space to allow 
for an accurate estimate of these processes at the 
full scale of the system being examined? Much of 
the time these measurements, most of which are 
complicated, are limited by resources needed to 



make these measurements; in general, it is likely that 
these processes have been undersampled. 

So, what are the options for avoiding big errors 
arising from scaling-up limited measurements of key 
processes? Approaches include (i) use of literature 
sources, (ii) "back of the envelope" range-finding 
estimates, and (iii) independent estimates based on 
alternative methods. Just a decade ago, many of 
the rate processes needed to develop budgets were 
scarce and some methodologies still in developmental 
stages. The literature is now a rich source of data for 
making comparisons. For example, there are many 
estimates from estuaries of denitrification and sedi- 
mentation rates (Bo 5 mton and Kemp, 2008), and the 
many rates used in fish bioenergetic models have 
been evaluated for many species (Niklitschek and 
Secor, 2005). So, one method for avoiding big errors 
is to consult the literature. Are values measured for 
a budget within the range of those reported in the 
literature? If not, is there sufficient reason to use them 
or do they need to be reevaluated or augmented with 
additional measurements? 

An additional tool for estimating error is back 
of the envelope calculations. This is a simple "first- 
order" estimation based on whatever information is 
readily at hand (and hence the name); it can pro- 
vide a rough estimate of the magnitude of a process 
and a quick check to see if a budget makes sense. 
For example, one of the most difficult to quantify 
terms in estuarine budgets is the input of ground- 
water and the dissolved materials (such as nitrate) 
that it carries. Groundwater is out of sight and moves 
at varying rates through different t 5 rpes of substrate 
(sediments and rocks) so that measuring the total 
flow is very difficult. One promising new technique 
is the use of various naturally occurring radioactive 
isotopes (e.g., ^^^Ra; Moore, 1996). In one application 
of this approach to a coastal lagoon, the first results 
suggested that there was a surprisingly large input 
of groundwater that greatly exceeded surface stream 
flow. This was an exciting finding that had major 
management implications regarding the importance 
of individual septic systems as nitrogen sources for 
the lagoon — even though nitrate concentrations in 
the groundwater were relatively low, a large flux 
of groundwater would be adding a large amount 
of nitrate. The radiochemistry seemed solid and 
the complex data analysis was intimidating — until 
a skeptic's back of the envelope calculation showed 
that when added to the well-known surface water 
inflow and the loss of water in evapotranspiration, 
the estimated groundwater flow would require more 
than three times the armual rainfall on the watershed. 
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Oops! Subsequent work showed that the concentra- 
tions of radioisotopes in the groundwater were much 
more variable than had been assumed. While the new 
approach could be powerful, if would nof be as easy 
as if firsf seemed. The moral of fhe story is fhaf in 
developing budgefs (as in so many fhings), keeping 
if simple can offen keep us from going asfray. 

Finally, fhe use of alfernafive mefhods for com- 
puting rates can confirm resulfs obfained using a 
primary mefhodology or indicate a subsfantial prob- 
lem exisfs. For example, Bo 5 mfon ef al. (2008) used 
several differenf approaches of defermining sedimenf 
inpuf to fhe Pafuxenf River esfuary and showed fhaf 
sedimenf inpufs were sufficienf fo support measured 
accretion rates. A second alternative computation was 
used in estimating N and P exchanges between the 
Patuxent estuary and Chesapeake Bay. This is one of 
fhe mosf difficulf processes fo estimate in esfuaries 
because of fhe d 5 mamic nafure of fhese systems. In 
fhis case, fhe primary compufation was based on box- 
model estimates of nef exchange of N and P (Flagy 
ef al., 2000). Additional esfimafes of nef exchange 
were made using a wafer qualify model developed 
for fhe Pafuxent River (Cerco and Cole, 1992) and 
by subfracfing all infernal N and P losses from all N 
and P inpufs. All fhree esfimafes fended fo converge, 
again nof proving fhe exchange esfimafe correcf, buf 
sfrongly suggesfing fhaf a big error was nof made. 

17.2.7 Budgets with Apples and 
Oranges — the Problem of Different Units 

Because esfuaries (and ofher ecosysfems) are made 
up of so many differenf fypes of living and nonliving 
componenfs, each of which is sfudied in defail by 
specialized sciences and each of fhese has ifs own 
jargon and ways of expressing measuremenfs if is nof 
surprising thaf ecologisfs frying to make ecosystem 
budgets confront a bewildering diversity of unifs. To 
fake a relatively simple example, consider fhe ways in 
which wafer leaving a watershed mighf be reporfed 
in the literature. A US government hydrologist might 
express the water flow in cubic feef per second 
(cfs); wafer supply professionals work in millions of 
gallons per day (mgd); hydrologisfs prefer mefric and 
use cubic mefers per second (m^/s); if fhere is agri- 
culfure in fhe watershed, the flow might be reported 
in acre-feet. Of course, countries that only use the 
metric system will not have this particular problem, 
but still nutrient concentrations may be expressed 
in milligram per liter, microgram atoms per liter, 
or micromolar. While converting from one unif fo 
anofher is nof a difficulf compufafional challenge, fhe 
mix makes if difficulf fo form an infuifive impression 
of fhe relative magnifude of differenf fluxes or fo 



make quick back of fhe envelope calculations. For- 
funafely, fhere are now numerous on-line Web sifes 
fhaf provide easy conversions, buf a prinf copy of a 
good sef of conversion fables is still a useful parf of 
any coasfal ecologisf's fool box and if is worfhwhile fo 
commif some of fhe mosf commonly used fo memory. 
And no maffer how simple fhe arifhmefic, every 
calculation is an opportunity for error and many an 
embarrassing misfake has slipped info budgefs! 

17.3 CASE STUDIES 



In this section, several case studies of budgef applica- 
fions are presented. These are presented at levels of 
defail sufficienf fo make clear why a budgef approach 
was adopted, whaf questions were being addressed, 
whaf undersfanding was achieved, how dafa were 
used or manipulated fo conform wifh requiremenfs of 
a budgef formaf, and whaf was missing or uncerfain 
in fhese budgef analyses. Several levels of biologi- 
cal organization were included in these case study 
examples to make clear the range of pofenfial appli- 
cations. Several budgets are organized at the "whole 
ecosystem" level of organization (e.g., entire esfu- 
ary), while ofhers are af fhe community (e.g., sea 
grass bed) or individual (e.g., a fish species) lev- 
els of organization. The poinf is fhaf budgefs can 
be consfrucfed af a variefy of spafial and tempo- 
ral scales (see Book Supplemenf af www.wiley.com/ 
go/day/esfuarineecology for graphic examples and 
a listing of many budgef applications). 

17.3.1 Case Study I: Salt and Water Mass 
Balances: An Approach for Quantifying 
Estuarine Nutrient Transport, 
Transformation, and Net Ecosystem 
Production 

An imporfanf quesfion in coasfal ecology is how 
esfuarine producfivify is relafed fo key planf nufri- 
enfs and dominanf physical processes. Commonly, 
quanfifafive models are builf fo explore and evaluate 
fhe relationships befween biological and physical 
processes. In fheir simplesf form, such models may 
be regressions befween forcing variables (e.g., river 
flow, femperafure) and an ecological process (e.g., 
primary production, sedimenf -water NFI 4 + flux). On 
fhe ofher exfreme, spafially explicif hydrod 5 mamic 
models can be coupled fo process-driven biogeo- 
chemical models fo make high-spafial-resolufion 
predictions of daily, seasonal, and inferarmual esfu- 
arine d 5 mamics. Befween simple regression models 
and complex, spafially explicif deferminisfic models 
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is a class of intermediate complexity models, called 
box-models, that quantify biological and physical 
coupling without the complexity and high cost 
of modern hydrod 5 mamic biogeochemical models 
(Pritchard, 1969; Officer, 1980). These “box-models" 
allow estimates of both physical transport and net 
biogeochemical production of nutrients, O 2 , and 
carbon in estuarine ecosystems from commonly 
available estuarine data, including nutrient and 
oxygen concentrations, streamflow, precipitation, 
salinity, and bathymetry. These mass balance budgets 
allow us to infer rate processes from commonly 
available measurements of concentration. 

Specifically, box-models are used to compute 
advective and diffusive transports of salt, nutrients. 



and other variables in estuarine ecosystems where 
salinity and freshwater inputs are known. To 
construct a box-model, an aquatic system must first 
be divided into defined control volumes or "boxes," 
where in the simplest case, the entire estuary of 
interest would be a single box (Fig. 17.2). Boundaries 
separating adjacent boxes can be defined based on 
data availability, degree of density stratification, and 
distribution of salt and water volume among boxes. 
Coefficients of advective exchange of water and diffu- 
sive exchange of dissolved materials between boxes 
are derived from mass balances of salt and water 
for each box (Fig. 17.2; Equations 1 and 2). These 
coefficients are then multiplied by available nutrient 
concentrations to compute physical transport and 




Salt Balance 

(1) \/e^= . -OpSp + E: (s, -Sp) 

dt 

Water balance 

(2) ^ = 0 = Qp- . 

Nutrient production (based on nutrient transport) 

(3) Pe =v^e-- -Er ,(c -n) + QpSp 

dt 



FIGURE 17.2 Schematic diagram of simple box-model computation for an estuary receiving freshwater from a single river and 
coimected to the ocean by a single channel. Salt, water, and nutrient balances are represented by equations 1 - 3 , respectively. 
Qp = freshwater input volume, Qp = water output from estuary, £pQ is diffusive /dispersive exchange between estuary 
and ocean, Vp = the volume of the estuary, and Pp = the net production rate of nutrient, O2, or carbon in the estuary. 
Sq = ocean salinity, Sp = freshwater salinity = 0 , and Sp = estuary salinity. Cq = ocean nutrient/02 /carbon concentration, 
Cp = freshwater nutrient/ O2 /carbon concentration, and Cp = estuary nutrient/ O2 /carbon concentration. 
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exchange of nutrients between boxes, or between the 
estuarine box and the adjacent ocean (Fig. 17.2). In 
the next step, any residual nutrient remaining from a 
mass balance of the physical transports of nutrients 
into and out of each box represents net biogeochemi- 
cal production of that nutrient, which can serve as a 
proxy for biological activity (Fig. 17.2; Eq. 17.3). In the 
specific cases of net biogeochemical production of O 2 , 
dissolved inorganic carbon, or dissolved inorganic 
phosphorus, net production rates can be used to 
quantify net ecosystem production (see Book Supple- 
ment at www.wiley.com/go/day/estuarineecology 
for examples and other applications of this 
approach). 

Box-models are useful tools for scientists and 
managers alike. Construction of the model is 
based entirely on previously collected data, so 
expensive and time-consuming field and laboratory 
efforts are avoided. The equations used to build 
the models are simple and avoid the need for 
extensive computing power. Box-models yield rates 
of carbon and nutrient production and consumption, 
which cannot replace rigorous rate measurements 
but can provide rate estimates to guide future 
work and constrain extrapolation of experimental 
rates. 

Lastly, the box-model methodology is straight- 
forward and flexible and can therefore be applied 
to a diverse array of estuarine systems, as has been 
done within the LOICZ (http:/ /nest.su.se/mnode/) 
program (Gordon et al., 1996). The approach is 
limited, however, in that only net rates can be 
computed, so that the many specific processes 
contributing to these net rates cannot be quantified 
separately. In systems with limited hydrologic 
and water quality monitoring, the spatial and 
temporal scales of model computations may also be 
limited. Lastly, a common assumption that boxes 
are completely mixed with uniformly distributed 
constituent concentrations may be erroneous in some 
cases. 

The Patuxent River estuary (Maryland, USA) is 
one of many systems where a box-model was used to 
investigate nutrient cycling (Flagy et al., 2000; Testa 
and Kemp, 2008) and examples of seasonal cycles 
of box-model-computed rates of net O 2 , dissolved 
inorganic nitrogen (DIN), and dissolved silicate (DSi) 
production in both surface and bottom layers of the 
estuary were developed (Fig. 17.3). The rates illustrate 
the cormection of net O 2 production (i.e., net ecosys- 
tem photos 5 mthesis) in the surface layer during spring 
to the net uptake of DIN and DSi, which are used to 
fuel plant production. In the bottom layer, summer 
peaks in net O 2 consumption co-occur with seasonal 





FIGURE 17.3 Monthly mean rates of net biogeochemical 
production of surface and bottom-layer (top) O 2 (surface 
rate corrected for air- water exchange), (middle) DIN, and 
(bottom) DSi computed by the box-model for the surface 
and bottom layers in the Patuxent River estuary. Monthly 
means (± standard error) were calculated for the years 
1985-2003. Horizontal dashed lines are drawn at net pro- 
duction rates equal to zero. Source: Data and figure are from 
Testa and Kemp (2008). 

peaks in net production of DIN and DSi, illustrating 
the aerobic respiration of organic matter and cou- 
pled remineralization of nutrients. Box-modeling has 
been used extensively in other systems to answer a 
range of scientific questions (see Book Supplement at 
www.wiley.com/go/ day/estuarineecology for addi- 
tional examples). 
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17.3.2 Case Study II: Organism-Scale 
Nitrogen Budget: Mussels in a Salt Marsh 
Ecosystem 

Salt marshes are important and obvious features of 
many femperafe zone ecosysfems (Chapfer 6). Coasfal 
marshes occur from fidal freshwafer porfions of esfu- 
aries fo high salinify areas offen associafed wifh 
coasfal lagoons. In mosf cases, fhese sysfems are char- 
acferized by high rafes of aufofrophic producfion and 
high fo very high sfanding sfocks of planf biomass 
and subsfanfial animal populafions. Tidal marshes 
provide essential habifaf for many planf and animal 
populafions and provide a complex buffer befween 
fhe uplands and open wafers of esfuarine and coasfal 
ecosysfems. There have been many sfudies of fidal 
marshes during fhe pasf 50 years and some have used 
a budgef framework for analysis and s 5 mfhesis (Teal, 
1962; Nixon and Oviaff, 1973). 

In fhis case sfudy, we chose fo summarize work 
conducfed in a Soufhem New England salf marsh 
for several reasons. Firsf, a nifrogen budgef of an 
imporfanf marsh species (fhe ribbed mussel, Geukensia 
demissa) was developed and is a major focus in fhis 
case sfudy. Second, fhe resulfs of fhaf budgef were 
placed in fhe confexf of a nifrogen budgef for fhe full 
salf marsh ecosysfem and hence we can see fhe power 
of a nesfed or hierarchical sef of budgefs. Finally, fhese 
invesfigafors applied several of fhe fechniques lisfed 
earlier fo more accurafely scale-up rafe processes 
made af small spatial and femporal scales fo fhe 
spafial scale of fhe full marsh sysfem for seasonal and 



armual time periods (Jordan and Valiela, 1982). The 
basic question invesfigafed in fhis sfudy concerned 
fhe role of a filfer-feeding bivalve in fhe nifrogen 
budgef of a salf marsh ecosysfem. 

The sfudy sife was fhe Greaf Sippewisseff 
Marsh locafed on Cape Cod, MA. The marsh has 
one exchange channel wifh adjacenf coasfal wafers 
(Buzzards Bay), and fhe marsh is flooded twice daily 
by subsfanfial fidal flows (~1.6 m tides). The major 
habifafs of fhis marsh include sandy creek bottoms 
bare of vegefafion, salf pans wifh limifed vegefafion, 
mafs of blue-green algae and purple sulfur bacferia 
on mud flafs, dominanf low marsh vegefafion 
characferized by shorf Spartina alterniflora and a 
small amounf of fall S. alterniflora along creek banks, 
high marsh areas vegefafed wifh Spartina patens and 
Distichlis spicata, and an abundanf ribbed mussel 
population (34- 734 individual m^^) representing 
abouf 75% of fhe filfer-feeding bivalves in fhe marsh 
sysfem. 

The nifrogen budgef of fhe ribbed mussel and 
fhe budgef for fhe full salf marsh sysfem are summa- 
rized in Figure 17.4. In fhe ribbed mussel budgef, fhe 
mussels cormecf wifh fhe marsh sysfem via filfrafion 
of parficulafe nifrogen (PN) delivered fo fhe marsh 
from fidal wafers. Major losses include biodeposifion 
of nonassimilafed nifrogen parficles fo fhe marsh sur- 
face, nef growfh of mussels, excretion of ammonium, 
release of gamefes, and producfion of byssal fhreads 
cormecfing mussels fo hard subsf rafes. There were no 
measureable losses of nifrogen as dissolved organic 
nifrogen (DON), morfalify, or recruifmenf. The salf 



(a) Mussel population 




(b) Salt marsh with 

mussel population 




FIGURE 17.4 Two nitrogen budgets developed for a New England, United States, salt marsh ecosystem. (A) An annual-scale 
budget for the mussel population for Great Sippewissett Marsh and (b) an annual-scale budget for the full marsh ecosystem 
with the mussel population highlighted. Nitrogen flows for both budgets have units of kg N/ year, except for mussel standing 
stock, which has units of kg N. Source: These budget diagrams were adapted from Jordan and Valiela (1982). 
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marsh budget for PN is more complex and involves 
exchanges of PN associafed wifh fidal exchanges wifh 
marsh wafer. Sedimenfafion and resuspension of PN 
in fhe marsh appear fo be dominanf processes. Fil- 
frafion and biodeposifion of PN by mussels is also 
shown on fhe leff side of fhe diagram as is long-ferm 
burial of PN fo deeper marsh sedimenfs. While mus- 
sel filfrafion and burial of PN are smaller processes 
(3840 kg N/year), fhey are abouf fhe same as fhe nef 
of fhe much larger processes of PN sedimenfafion and 
resuspension (3900 kg N/year). 

The defails concerning measuremenf fechniques 
used fo evaluafe fhe ribbed mussel nifrogen bud- 
ge! are beyond fhe scope of fhis case sfudy, buf 
several feafures deserve mention because fhey play 
so sfrongly info budge! developmenf. Firsf, mussel 
abundance was a keystone variable used in esfimaf- 
ing many of fhe rafes used in fhe budgef. If mussel 
esfimafes were no! righf, fhen fhe budgef would be 
inaccurate in many respecfs. Mussels were infensively 
sampled along creek banks, where densities were very 
high, and from fwo marsh zones (densifies lower and 
differenf befween zones). These defailed measure- 
menfs were scaled up fo fhe sysfem level using area 
esfimafes of creek and marsh f 5 q)es, basically fol- 
lowing mefhods suggested by Sclmeider (1994) and 
described earlier in fhis chapter. Second, fhese inves- 
figafors used field-based mefhods for esfimafing rafes 
whenever possible because such measuremenfs fend 
fo preserve realism and, if done carefully, do no! 
sacrifice too much experimenfal confrol. 

17.3.3 Case Study III: Chesapeake Bay 
Organic Carbon Budget 

Esfuaries such as Chesapeake Bay are among fhe 
mosf producfive sysfems in fhe biosphere. Some 
aspecfs of fhis high level of production are due 
fo large nufrienf inpufs from a variefy of sources 
and fo fhe diversify of primary producers f 5 rpically 
found in fhese sysfems, including phyfoplankfon, 
benfhic micro- and macroalgae, submerged aquatic 
macrophytes (sea grasses), and fidal marshes. In addi- 
tion, organic carbon enters fhese sysfems from rivers 
and somefimes from fhe coasfal ocean. Once in fhe 
esfuary, fhis organic carbon has a variefy of fafes 
depending on origin (ferresfrial vs in situ produc- 
fion), form (parficulafe vs dissolved), and degree of 
labilify (suscepfibilify fo decomposifion or use in food 
webs). A number of quesfions arise from fhese simple 
observations, including are esfuaries efficien! fraps 
for organic carbon resulfing in organic enrichmenf of 
esfuarine sedimenfs; is physical fransporf of organic 
carbon (inpufs from fhe land and burial) larger or 
smaller fhan biological production and losses; how 



does organic carbon availabilify influence or regulate 
esfuarine fisheries yields; whaf is fhe balance befween 
producfion (P) and respiration (R) in fhese sysfems; 
and whaf are fhe implicafions of sysfems wherein 
P>R (nef aufofrophic) or P<R (nef heferofrophic). 

To examine fhese quesfions, Kemp ef al. (1997) 
developed a mass balance of organic carbon fluxes 
for fhe main stem portion of Chesapeake Bay. The 
goal was fo quantify fhe major exfernal inpufs, infer- 
nal producfion, sinks, and fransporf of fofal organic 
carbon (TOC) in fhis large esfuarine sysfem. Com- 
parisons were also developed befween fhe relafive 
imporfance of biological versus physical sources and 
sinks of organic carbon and fhe balance befween sys- 
fem gross producfion and respiration (Nef Ecosysfem 
Mefabolism, NEM; see Chapter 15). 

Chesapeake Bay is among fhe larges! esfuarine 
sysfems in fhe USA and is characferized by high rafes 
of bofh primary producfion and fisheries harvesf . Key 
bay feafures include relatively shallow wafer depfh 
fhaf promofes efficien! nufrienf cycling befween fhe 
wafer column and benfhos and relatively long wafer 
residence time fhaf favors refenfion and recycling of 
materials rafher fhan exporf. Bofh feafures promote 
high rafes of organic carbon producfion. The main 
sfem Bay is characferized by fhree disfincf salinify 
zones where major processes differ. The upper Bay 
is shallow, very furbid, has relatively low rafes of in 
situ algal producfion, and is heavily influenced by 
flow from fhe Susqueharma, fhe major river entering 
fhe Bay. The mid-Bay is clearer, deeper, experiences 
chronic summer h 5 qtoxia and anoxia, and has much 
higher rafes of algal producfion. Einally, fhe tower Bay 
is of infermediafe depfh, clearer fhan fhe mid-Bay, less 
h 5 q)oxic, and has algal producfion rafes infermediafe 
befween fhe ofher zones. Kemp ef al. (1997) used 
fhese zones in developing fhe mass balance because 
differences among zones were clear and dafa were 
available fo freaf each zone as a separate unif. 

The organic carbon budgef for fhis esfuary is 
shown in Eigure 17.5. While apparenfly quite simple 
(fhere are only five inpufs and five loss ferms), evalu- 
ation of fhese ferms required a subsfanfial amounf 
of informafion fhaf was available from a variefy 
of sources. Eor example, algal producfion measure- 
menfs were made af many locations and seasons 
using oxygen- and ^^C-based fechniques. Bofh plank- 
fon and benfhic respirafion rafes were made using 
oxygen-based measuremenfs, and sulfafe reduction 
measuremenfs were used fo assess anaerobic respira- 
fion in sedimenfs. Submerged macrophyte and fidal 
marsh producfion was estimated using aerial images 
of plan! disfribufion coupled wifh liferafure rafes of 
producfion per unif area. Inpufs of organic carbon 
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FIGURE 17.5 Estimated mean average values for major 
TOC fluxes in the mainstem Chesapeake Bay. Fluxes are 
grouped as Inputs (I), Outputs (E), Production (P), and 
Respiration (R). Net Ecosystem Metabolism (NEM) for 
the mainstem Bay is also provided. Source: Diagram was 
adapted from Kemp ef al. (1997). 



from the Susquehanna River were based on mea- 
surements of water flow coupled to measurements of 
TOC concentrations. Fluxes of TOC from the tribu- 
taries to the Bay and fluxes from the Bay to the coastal 
ocean were based on results of water quality model 
simulations for an average water year. Estimates of 
long-term burial of organic carbon in the accreting 
sediment column were based on ^^®Pb estimates of 
sediment deposition coupled to POC concentrations 
in the sediment column. Finally, TOC losses due 
to fisheries yields were based on catch records and 
converted to carbon units. 

Results from this mass balance indicate a good 
understanding of the system. Organic carbon out- 
puts (both biological and physical) accounted for 
about 94% of all inputs indicating a nearly balanced 
budget and strongly suggest that major input and 
output terms have been adequately captured. In river- 
dominated tidal systems such as Chesapeake Bay, it 
is easy to assume that physical processes such as 
river inputs of organic carbon from the very large 
watershed and tidal transport of organic carbon to 
the coastal ocean would dominate the budget pro- 
cesses. However, the opposite appears to be the case. 
Biological production and consumption of organic 
carbon represented 93% of TOC inputs and 87% of all 
losses. Thus, internal biological processes dominated 
the overall budget rather than physical processes 
of transport and river inputs. Much of the enhanced 



production in this eutrophic estuary is based on nutri- 
ent inputs from the adjacent watershed. There was 
also a distinct gradient along the axis of the estuary 
regarding the balance of production and respiration of 
organic carbon. In the upper Bay, in the zone strongly 
influenced by inflows from the Susquehanna River, 
R exceeded P and the system was net heterotrophic 
(meaning that more organic carbon was respired than 
produced in situ, indicating the importance of river- 
borne organic carbon as an additional source). Other 
regions of the Bay, with less river influence, were 
net autotrophic indicating potential for use of organic 
carbon for fish production and export to the coastal 
ocean. Overall, the bay was net autotrophic. Finally, 
fisheries yields represented a small fraction (~1%) of 
the TOC input to this system but a more substantial 
fraction of the NEM (~17%). 

For the past 25 years, there has been intense 
interest in restoring this eutrophic estuary to a more 
pristine condition where h 5 rpoxia and anoxia are 
sharply reduced, algal blooms diminished, and sea 
grass communities restored. Budgets provide man- 
agers with quantified estimates of the relative impor- 
tance of organic carbon sources and sinks and that 
understanding can aid management decisions. In the 
case of Chesapeake Bay, managers must balance the 
need for a productive ecosystem to support fisheries 
production with the desire to reduce detrimental 
effects of anoxia and habitat loss resulting from 
excessive production in this currently overfertilized 
estuary. 



17.3.4 Case Study IV: An Upside-Down 
Budget: Pre-European and Contemporary 
Nutrient Inputs to Narragansett Bay, Rl 

As we have discussed earlier, budgets are very useful 
in providing a disciplined, quantitative framework 
for formulating a conceptual model of the system of 
interest and showing the relative importance of dif- 
ferent sources, sinks, and transformations within the 
system. However, they can also be helpful for doc- 
umenting and illustrating the magnitude of human 
impact in estuaries and other coastal ecosystems. One 
of the most dramatic ways in which ecologists use 
them for this purpose is by constructing historical 
or even prehistoric budgets and by comparing them 
with contemporary mass or energy balances. Good 
examples include Elmgren's (1989) comparison of bio- 
logical energy flow in the Baltic Sea in the early and 
late twentieth century, the Kemp et al. (2005) assess- 
ment of eutrophication history of Chesapeake Bay, 
and a recent comparison of nutrient budgets for sev- 
eral European coastal areas before, during, and after 




456 I CHAPTER SEVENTEEN Budget Analyses of Estuarine Ecosystems 



periods of cultural eutrophication (Artioli et al., 2008). 
Here, we illustrate a more extreme example com- 
paring the nitrogen (N) and phosphorus (P) inputs 
to Narragansett Bay just before extensive European 
contact with recent conditions (Nixon, 1997). 

Narragansett Bay is a relatively small (234 km^, 
8.6 m mean depth) urbanized estuary in southern 
New England just south of Cape Cod. Its written his- 
tory began with a visit from the explorer Giovanni da 
Verrazzano in April of 1524. While Verrazzano later 
recorded many details about the Narragansett Indi- 
ans he encountered and gave some useful description 
of the geography of the area, he failed to make a 
single measurement of N or P entering the bay from 
any source! Not surprising, of course, since P was 
not discovered until 1669 and N until about 1770 and 
our recognition of the importance of these elements 
in plant productivity would not come until the latter 
1800s. We would not be able to measure them in the 
low concentrations found in rivers and seawater until 
the late 1800s and early decades of the twentieth cen- 
tury. With no measurements, how can we make even 
rough N and P budgets for that prehistoric time? 

The simple answer is that a good ecologist always 
keeps an envelope handy for doing those back of the 
envelope calculations talked about earlier. And we 
make lots of assumptions (a nice word for informed 
and explicitly stated guesses). Some parts are easy. 
While the direct discharges of sewage treatment 
plants now provide a lot of N and P to the bay, 
they did not exist before the late 1800s (Nixon et al., 
2008). In fact, the human population density was 
low enough (probably about 2-4 people km^; Nixon, 
2004, compared with 320-390 km^ in Massachusetts 
and Rhode Island today) that it seems safe to ignore 
human waste as a significant source of N or P to the 
prehistoric bay. Similarly, while atmospheric depo- 
sition today is a significant source of reactive N to 
the watershed and the bay itself, that reactive N gets 
into the atmosphere from the combustion of fossil 
fuels — not a significant source before the industrial 
revolution. Even today, atmospheric deposition of 
P is very small in this area and can certainly be 
neglected during Verazzano's visit. The rivers enter- 
ing the bay today carry high concentrations of N and 
P and have been doing so since the late 1800s /early 
1900s (Nixon et al., 2008), but the watershed today 
is very different from the landscape of the 1500s. In 
addition to sewage treatment plants that discharge 
to the rivers, hundreds of thousands of people in the 
watershed discharge their wastes into septic systems 
that leach N (and maybe some P) into groundwa- 
ter that flows to the rivers; large areas are paved 
with impervious surfaces that carry N and P through 



storm drains to the rivers; there is some agriculture 
that uses synthetic fertilizers that may wash off and 
reach the rivers. There is no compelling evidence that 
the precontact Narragansett Indians practiced sig- 
nificant agriculture (Nixon, 2004) — but even if they 
did, S 5 mthetic fertilizer was hundreds of years in the 
future (and a possible fish added to a hill of corn 
would not have been a significant source of N to the 
bay). The evidence we have from modern analyses 
of streams and rivers draining minimally disturbed 
forests such as those surrounding Narragansett Bay 
in the 1500s suggest that reactive N and P concentra- 
tions would have been very low, as they still were 
in unpolluted rivers and streams draining into the 
bay in the late 1800s when the first measurements 
became possible (Nixon et al., 2008). Using those con- 
centrations and assuming that the mean annual river 
flow to the bay has not changed, we can calculate the 
fluxes of N and P to the bay from land under prehis- 
toric conditions. Of course, then as now, the bay was 
connected by tidal flows and estuarine circulation 
with the offshore waters of Rhode Island Sound and 
we might assume that that exchange has remained 
largely unchanged (and, admittedly, quite uncertain). 
With these assumptions, we can put together rough 
prehistoric N and P budgets to compare with those 
derived from contemporary measurements (Nixon 
et al., 1995, 2008; Pig. 17.6). 
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FIGURE 17.6 Comparison of estimated annual inputs of 
dissolved inorganic N and P to Narragansett Bay, RI/MA 
during prehistoric and modern times. Source: modified from 
Nixon, 1997. Units are 10® moles/year. 
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Two dramatic differences sfand ouf: firsf, fhe 
much larger amounfs of N and P fhaf are now being 
delivered fo fhe bay — N has increased by a facfor of 
5 or 6 and P has doubled. Second, fhe major source 
of N has swifched from fhe coasfal ocean to land 
and land has become equal to the sea as a source 
of P. In ofher words, fhe budgefs are now upside 
down compared fo fhe prehistoric sifuafion. Because 
this flip has become so common in fhe developed 
world wifh large urban areas and intensive fertilizer 
and animal husbandry, if seems surprising fo fhink 
thaf in earlier fimes fhe major source of esfuarine 
productivity may have been nutrients from offshore 
wafers broughf info fhe systems fhrough esfuarine 
circulafion. These nufrienfs may have been capfured 
and concenfrated by macroalgae (e.g., kelp beds), sea 
grass meadows, and epibenfhic microalgae as well 
as dense beds of filter-feeding animals such as oys- 
ters and mussels. Cerfainly, fhe anecdofal reporfs of 
early Europeans as well as abundanf shellfish mid- 
dens from coasfal Indian populations suggest that 
the estuaries downstream from whaf musf have been 
nufrienf-fighf foresf and mafure grassland ecosys- 
tems were highly productive. The only sources of N 
and P fo fhose upsfream wafersheds were biological 
fixation, lightening, and rock weathering — it seems 
unlikely that enrichment from land drainage was fhe 
major supporf for robusf coasfal food chains. 

17.4 MASS BALANCE 
APPLICATIONS FOR SCIENCE 
AND MANAGEMENT 



We conclude fhis chapfer by presenting examples of 
mass balance approaches used fo advance scienfific 
undersfanding of esfuarine function and assisf in eval- 
uating esfuarine managemenf opfions and acfions. 
So, fhese examples represent for modem ecologisfs 
Archimedes firm spof fo sfand and move forward, if 
nof fhe earfh, af leasf our undersfanding of esfuarine 
sysfem funcfion. 

Included in fhese examples is an effort using mass 
balances to explore factors regulating the amount 
of nifrogen exported from mulfiple esfuaries fo fhe 
coasfal ocean. Mass balances were used fo see if 
a general pattern governing nufrient exporf could 
be found. The second example involves use of a 
mass balance fo examine fhe effecfs of a "hof spof" 
for nufrienf losses along an esfuarine gradienf. The 
final example involves use of mass balances fo guide 
developmenf of a nufrienf sfrafegy for a large esfu- 
arine sysfem. In fhis case, a series of budgefs were 



developed. An early budgef reached very different 
conclusions having important management implica- 
tions than budgets developed a short time later. This 
example demonstrates the progressive improvements 
possible using a budget framework in developing 
management plans. 

17.4.1 Budgets as Building Blocks: 
Nitrogen Export from Estuaries 

All the budgets presented so far have used mass bal- 
ances as a S 5 mfhesis framework for examining a single 
"sysfem", regardless of fhaf sysfem being an individ- 
ual, a population, a community, or an ecosystem. 
However, budgets, or parts of budgefs, can also be 
used in cross-system comparisons fo give a broader 
perspective. Somefimes, fhis is helpful simply fo give 
us a sense of scale. For example, is fhe marsh for 
which we have so painsfakingly developed a defatted 
sedimenf budgef likely fo be representative of ofher 
marshes in fhe region, or is if really a tiny piece of fhe 
landscape fhaf may nof be a good plafform for making 
broad conclusions abouf marshes in general? By com- 
paring many budgefs, we can also gain new insighfs 
abouf processes fhaf may influence sysfem behavior 
and help shape fhe individual budgefs fhemselves. 

An example from our own experience emerged 
af a week-long workshop held on an isolafed island 
off fhe soufhem New England coasf. Ecologisfs wifh 
experience in a wide range of esfuaries and bays 
were gafhered fo discuss fhe scienfific evidence abouf 
whaf processes governed fhe fate of nifrogen (N) 
and phosphorus (P) as fhese nufrienfs passed from 
wafersheds on land fo fhe continental shelf (Galloway 
ef al., 1996). As we compared fhe budgefs developed 
for fhe systems we each sfudied, if became clear fhaf 
fhe fraction of N entering each esfuary fhaf acfually 
passed through to the coastal ocean varied widely 
(Table 17.1). 

"Trapped" together for many days in our com- 
forfable hotel, we had many opporfunifies fo specu- 
late abouf fhe causes for such dramatic differences. 
And fhe group contained a diverse mix of experfs 
in esfuarine physics, biogeochemisfry, geology, biol- 
ogy, and ecology. Finally, fhe group had a collecfive 
"aha!" momenf as we plotted fhe fraction of N fhaf 
passed fhrough each sysfem againsf fhe mean annual 
wafer residence time of fhe sysfem (Fig. 17.7). In hind- 
sighf, if seems intuitive that the longer an atom of N 
spends in an esfuary the greater is the likelihood that 
it might be removed and lost to the atmosphere as N 2 
gas through denitrification (the respiration of organic 
maffer using nifrafe rafher fhan oxygen, Chapfer 3) 
or anammox (the formation of organic maffer from 
CO 2 by specialized bacteria fhaf produce N 2 gas from 
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FIGURE 17.7 The fraction of total N input from land and atmosphere that is exported to near-shore shelf waters from a 
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nitrite and ammonium) or that it might be buried 
and accumulate in sediments. But the N cycle is so 
complex and influenced by so many factors that it 
was not obvious that a clear pattern might emerge 
with a single variable. 

There are many other examples of insights gained 
from cross-system comparisons of results from bud- 
get t 5 ^e studies, including the export of N from 
watersheds (Howarth et al., 1996), the rich litera- 
ture on allometric scaling relationships for individ- 
ual organisms and populations (Harris et al., 2006), 
benthic-pelagic coupling with water depth (Kemp 
et al., 2001), and a wide range of other ecosystem 
processes (Cole et al., 1991). 

17.4.2 An Estuarine "Hotspot" for 
Nutrient Losses 

The Patuxent River, a tributary of Chesapeake Bay, 
is a partially mixed coastal plain estuary. The Patux- 
ent River watershed encompasses 2256 km^ of land, 
143 km^ of tidal waters, and 29 km^ of tidal marshes. 
The river and estuary are about 170 km in total length; 
the lower 95 km are tidal. The upper portion of the 
tidal estuary is narrow (50-300 m wide), very turbid 
(Kj = 3.0 m^^), vertically well mixed, and has a tidal 
range of 0. 5-1.0 m and an average depth of 1.1 m. 
Importantly, this portion of the estuary (yellow area 
in Fig. 17.8) is flanked by extensive tidal freshwater 
and salt marshes with the ratio of marsh area to river 
distance ranging from 0.4 to 0.8 km^/ km of river. 



The Patuxent is among the most well-known 
and studied Chesapeake Bay tributaries because of 
a long history of management debate, court cases, 
and eventual management actions aimed at water 
quality and habitat restoration. The Patuxent water- 
shed was quite rural before world war II having a 
population basically unchanged since the census of 
1790. However, during the late 1950s and early 1960s, 
the upper basin developed rapidly with agricultural 
and forested lands converted to suburban and urban 
uses. Sewage treatment plants began discharging into 
the river in 1963 and now discharge about 70 mil- 
lion gallons per day, a volume that is slightly larger 
than river flow during low flow periods. Nutrient 
load increases have been documented since 1960 and 
monitoring and research programs have reported 
increases in algal production and biomass, loss of 
sea grass communities, expansion and intensification 
of seasonal h 5 qjoxia, and severe impacts on benthic 
animal communities. Commercial fishing activities in 
this estuary have been severely reduced since the 
mid-1980s. 

In response to Federal court actions, a nutri- 
ent reduction plan, focused on point sources, was 
developed. Beginning in the mid-1980s, a phosphate 
detergent ban and phosphorus removal at all major 
sewage treatment plants was instituted, and by 1993, 
nitrogen was also being removed via denitrifica- 
tion during warm periods of the year at all major 
treatment plants. However, diffuse nutrient source 
reductions were not part of this plan. Using the 
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multidecade Patuxent water quality data set. Testa 
et al. 2008 were able to show that nutrient concen- 
trations declined throughout the estuary and algal 
production, biomass, and respiration also declined 
in the upper, but not the lower, estuary. The estu- 
ary remains "listed" by EPA as impacted for several 
water quality variables. Because of persisfenf wafer 
qualify issues, a TMDL (fofal maximum daily load) 
analysis was required for fhis esfuary and a prelimi- 
nary modeling sysfem was developed. One resulf of 
fhis efforf was fhaf a coupled hydrodynamic wafer 
qualify model consisfenfly overesfimafed concenfra- 
fions of DIN fhrough fhe porfion of fhe esfuary where 
fidal marshes were prevalenf; fhe wafer qualify model 
did nof have a fidal marsh componenf . When fhis dis- 
crepancy became clear, Williams ef al. (2006) inifiafed 
addifional wafer qualify analyses of fhis problem 
and found a very sfrong correlafion befween fidal 
marsh area and fhe difference befween measured and 
simulated nitrate concentrations. 

Resources and data were not available to develop 
a marsh component to the water quality model, but 
efforts were made to develop a nutrient mass bal- 
ance for the estuary with particular emphasis on the 
section of fhe esfuary having fidal marshes. A key 
quesfion revolved around fhe quanfifafive capacity 
of fhe marshes fo serve as a subsfanfial sink for N and 
P. A multiyear N and P budgef was developed (Bo 5 m- 
fon ef al., 2008) for fhe full esfuary, and a summary of 
fhe N budgef focusing on fhe fidal marsh-dominafed 
portion of fhe esfuary is provided in Figure 17.8. Dafa 
sefs needed for fhis compufation included burial rates 
of N in subfidal areas and infertidal marshes and den- 
itrification rates in these same habitats. A box-model 
(another type of mass balance model) was developed 
for esfimafing physical nufrienf fransporf befween 
the oligohaline (salinity of abouf 0.3-3) and mesoha- 
line (salinify befween abouf 3 and 16) portions of fhe 
esfuary (Hagy ef al., 2000). Direcf measuremenfs of 
river flow and nufrienf concenfrafions af fhe head of 
fide were developed by fhe USGS (2004) fo esfimafe 
riverine nufrienf inpufs, and a landscape model was 
used fo esfimafe inpufs from fhe sides of fhe esfuary. 

In fhe upper Pafuxenf, TN inpuf amounfs fo abouf 
5440 kg N/day and fhis represenfs abouf 80% of fhe 
TN inpuf fo fhe enfire esfuarine sysfem. In fhe upper 
esfuary, abouf 46% of inpufs were losf via long-ferm 
burial and denifrificafion. Loss processes occurring in 
adjacenf fidal marshes accounfed for 64% of all losses 
in fhis region of fhe esfuary. While fhis region repre- 
senfs only 12% of esfuarine surface area (and only 3% 
of fhe full basin and esfuary!) abouf 45% of all infer- 
nal losses occur in fhis small zone of fhe esfuary. This 
zone of fhe esfuary removes abouf 900,000 kg N /year. 




FIGURE 1 7.8 A map of the Patuxent River basin and estuary 
(a) with summary nitrogen budget results for the middle 
basin (tan color) and the portion of the estuary associated 
with the middle basin and (b) a photograph of the tidal 
marsh at high tide typical of this section of the estuary. 
Source: Data were adapted from Boynton et al. 2008. 



equivalent to the N removed via denitrification at all 
nine of fhe large sewage freafmenf planfs in fhis basin. 
Clearly, fhis esfuary does nof simply convey nifrogen 
from ifs drainage basin fo fhe mesohaline esfuary 
and fo Chesapeake Bay. Thus, fhis budgef analysis 
illusfrated fhe quantifafively imporfanf role of fidal 
marshes as a nufrient loss hof spof in fhe landscape. 
Accreting marshes, such as fhose in the Patuxent, act 
as an efficient "ecosystem-scale kidney" and should 
continue to be protected for fhe ecosysfem services 
fhaf fhey provide. However, should fhe fidal marshes 
of fhe Pafuxenf fail fo keep pace wifh rising sea level, 
as has occurred in abouf 50% of ofher Chesapeake 
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Bay tidal marshes, the nutrient removal associated 
with marshes would be lost; further still, eroding 
marshes could serve as a source of organic maffer 
and nufrienfs, reversing fhe currenf beneficial role of 
marshes. 

17.4.3 Muddles, Mud, and Management 

In earlier secfions, we suggesfed fhaf even rough 
budgefs done on fhe "back of an envelope" could be 
useful and nofed fhaf budgefs can offen help us avoid 
big misfakes. If follows fhaf fhese properties mighf 
make budgefs useful fools for managers and policy 
makers. Or nof, depending on how good fhe dafa and 
assumpfions are fhaf go info fhe budgef. 

Abouf 30 years ago, fhe US Environmenfal Pro- 
fecfion Agency (EPA) underfook a major study of 
nufrienf inpufs fo Chesapeake Bay. The work was 
mofivafed in large parf by concerns fhaf nufrienf 
inpufs had been increasing and sfimulafing blooms of 
phyfoplankfon and epiphyfes growing on sea grass 
leaves fhaf were shading ouf fhe submersed grass 
beds (e.g., Bayley ef al., 1978). If took a lof of work fo 
obfain measuremenfs of all fhe forms of nifrogen (N) 
and phosphorus (P) coming info such a large esfu- 
ary from afmospheric deposition, rivers, agriculfural 
runoff, and sewage freafmenf planfs, and fhe EPA and 
academic scienfisfs summarized fhe resulfs in a major 
reporf (Smullenef al., 1982). Wifh esfimafes of fhe fofal 
armual inpufs from afmosphere and wafershed in 
hand, fhe EPA fhen asked an imporfanf and inferesf- 
ing question, a quesfion growing nafurally ouf of fhe 
mass balance model — how much of fhe N and P enfer- 
ing fhe bay passed fhrough if and ouf fo fhe confinen- 
fal shelf? They affempfed fo answer fhis quesfion by 
making direcf measuremenfs of fhe concenfrafions of 
N and P in fhe wafer af fhe moufh of fhe bay as if ebbed 
and flooded while fhey simulfaneously measured 
and modeled fhe currenf speed af various places and 
depfhs, so fhey could multiply fhe volume of wafer 
by fhe concenfrafions fo calculafe fhe fofal N and P 
fransporfed in each direction. If seems an appealing 
and sfraighfforward approach fo answer fhe ques- 
fion: flux of N or P in af fhe moufh during flood fide 
minus fhe flux ouf during ebb fide = nef exchange. 
The nef exchange could fhen be compared wifh fhe 
measured fofal inpuf from land and afmosphere. 

The resulfs of all fhe work af fhe moufh of 
fhe bay seemed fo show fhaf fhere was very liffle 
nef fransporf of N or P befween fhe bay and fhe 
confinenfal shelf. As Smullen ef al. (1982) concluded, 
"Nearly all fhe maferials fhaf enfer fhe bay remain 
fhere; nufrienfs frickle ouf of fhe Bay moufh af a 
very slow rafe." They wenf on fo emphasize fhe 
"profound implications for managemenf . . . even 



if nufrienf loads were drastically reduced, bay-wide 
improvemenf of wafer qualify would be very slow." 

Such a depressing conclusion seemed surprising, 
af leasf fo some of us. While if was well known fhaf 
Chesapeake Bay, like many ofher esfuaries, frapped 
virfually all of fhe sedimenf fhaf was delivered by 
rivers (Biggs, 1970; Schubel and Carfer, 1977), N and 
P are much more d 5 mamic. Nufrienfs are faken up by 
organisms and rapidly cycled wifhin fhe ecosysfem; 
fhey are also actively exchanged befween sedimenfs 
and fhe wafer column — why would fhey behave 
like inorganic silfs and sands and clays? Porfunafely, 
fhe EPA sfudy had also summarized dafa on fhe 
amounf of sedimenf enfering fhe bay during fhe same 
period fhaf fhe nufrienf inpufs were being measured. 
If seemed fhaf a useful back of fhe envelope calcula- 
tion mighf be fo esfimafe fhe N and P confenf of fhe 
sedimenfs in fhe bay if all fhe nufrienfs and sedimenfs 
were accumulating fogefher in fhe sysfem. The resulf 
suggesfed fhaf fhe sedimenfs should be abouf 4% 
N and 0.34% P, values fhaf are considerably higher 
fhan fhose measured in Chesapeake Bay sedimenfs. 
This suggesfs fhaf some of fhe N and P inpufs musf 
be exporfed fo fhe ocean. The message in fhe mud 
seemed clear — Chesapeake Bay could nof be sforing 
all or even mosf of fhe N and P fhaf enfered (Nixon, 
1987). 

The back of fhe envelope calculation sfimulafed 
EPA fo supporf a much more fhorough budgef anal- 
ysis of N, P, and sedimenfs in Chesapeake Bay. 
Imporfanf oufcomes of fhaf analysis included fhe 
idenfificafion of shoreline erosion as a much more 
imporfanf source of sedimenf fo fhe bay fhan had pre- 
viously been appreciafed, fhe separation of N removal 
from fhe bay fhrough denifrificafion compared wifh 
fhe burial of N in sedimenfs, and an improved assess- 
menf for fhe role of fisheries landings in removing 
N and P from fhe sysfem (Bo 5 mfon ef al., 1995). The 
end resulf was fhaf Chesapeake Bay appeared fo be 
sforing jusf a bif more N and P fhan fhe back of 
fhe envelope calculation suggesfed, buf cerfainly nof 
all of fhe nufrienfs. The implicafion for managemenf 
was much more positive — reducing nufrienf inpufs 
should have a relatively rapid impacf on wafer qualify 
conditions in fhe bay. 

Whaf wenf wrong? Acfually, nofhing — fhe pro- 
cess of doing science and of managers inferacfing 
wifh scienfisfs evolved as if should. If jusf took longer 
and probably cosf more money and efforf fhan any- 
one fhoughf if would af fhe sfarf. EPA adopfed a 
good concepfual framework wifh a budgef approach. 
However, fhey chose fo fry fo measure a very difficulf 
exchange — fhe nef flux af fhe moufh of fhe bay. This 
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flux arises because of small changes in concentra- 
tion and the integration of highly variable net water 
exchanges that must be very carefully measured over 
long periods of time. The back of the envelope cal- 
culation did not deal directly with the exchange at 
the mouth but focused instead on the rate of storage 
of N and P within the system. The difficult part of 
that calculation is properly area and mass weight- 
ing the N and P composition of the sediment over a 
large area and properly estimating the mass of sedi- 
ment accumulating. As more resources were invested 
in the budget, the better constrained the numbers 
became. But the budget framework helped to iden- 
tify and highlight problems, focus efforts to get the 
model right, and provide evidence that nutrient load 
reductions would have desired effects. 
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b 

L FISHERIES IN LAGOON-ESTUARINE 

[ ECOSYSTEMS 



Daniel Pauly and Alejandro Yanez-Arancibia 



In this chapter, we review the "four factors" — 
recruitment, growth, natural mortality, and fishing 
morfalify — viewed in classical fish d 5 mamics as 
needed for predicfing fufure from presenf stock 
sizes — in fhe confexf of lagoon-esfuarine fisheries, 
and discuss fhe connecfion befween fish cafches, com- 
munify dynamics, and ecosystem functioning. We 
compare worldwide cafches from lagoon-esfuarine 
sysfems and briefly discuss fheir managemenf wifh 
emphasis on fhe bordigue, a form of fidal frap used 
in fhe wesfern Mediferranean area to harvesf fish 
previously recruifed fo a lagoon and/or fo refain 
undersized fish for anofher growfh cycle. This form 
of harvesf/managemenf, which requires complex 
social arrangemenfs, may, shorf of aquaculfure, rep- 
resenf fhe optimum way of using lagoon-esfuarine 
ecosysfems fo produce fish. 

18.1 INTRODUCTION 



We briefly review fhe facfors fhaf determine fisheries 
yield in coasfal lagoons, which have been defined by 
Ardizzone ef al. (1988) as "bodies of wafer (from low 
brackish fo h 5 rper saline) parfially separated from an 
adjacenf sea by barriers of sand or ofher sedimenf, 
wifh openings fhrough which seawater can flow". 



See Kjerfve (1994) for ofher definitions, and Day and 
Yhhez-Arancibia (1982) for an ecosysfem-based def- 
inifion of coasfal lagoons and esfuaries. "Fisheries" 
refers fo fhe cafching of fish and aquatic inverfebrafes 
and, hence, excludes aquaculfure. When we refer 
fo coasfal lagoons, we generally mean coasfal and 
esfuarine sysfems in general. The lifer afure on lagoon- 
esfuarine ecosysfems is immense; fhaf on lagoon 
fisheries is also foo large for a balanced review fo 
fif info fhe space available for fhis chapfer, even after 
aquaculfure is excluded. We, fherefore, concenfrafe 
on a few fhemes fhaf we fhink are of special relevance 
fo lagoon fisheries, yield prediction and managemenf, 
and fo fishes only. Our examples focus on one lagoon- 
esfuarine ecosysfem of fhe Gulf of Mexico and on 
Wesf African and Mediferranean lagoons. We chose 
fhe firsf two locations because we worked fhere; and 
fhe Mediferranean case because fhis is where fhe man- 
agemenf scheme emerged fhaf we would like fo poinf 
ouf fo fhe readers. Excepf for a few references, we do 
nof cover fhe imporfanf lagoon fisheries of fhe Indo- 
Pacific area. These lagoons are included, however, 
in fhe compilation of lagoon fisheries cafches dis- 
cussed in fhe following section. This chapfer builds 
on fhe fisheries chapfer in fhe firsf edifion of Esfuarine 
Ecology, and readers are encouraged fo refer fo fhaf 
chapfer also. 
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18.2 FISHERIES CATCHES FROM 
COASTAL LAGOONS 



Kapetsky (1984) is still the reference that presents the 
largest data set on catches from coasfal lagoons and 
compares fhese with catches from ofher exploifed 
marine and fresh wafer ecosysfems. As can be seen 
from Table 18.1, coasfal lagoons are, overall, more 
producfive fhan ofher ecosysfems in ferms of fish- 
eries yield, whefher one uses fhe mean or fhe median 
as a measure of central tendency. This can ultimately 
be accounted for by fhe generally high primary pro- 
ducfion in coasfal lagoons (Nixon, 1982, 1988), for 
which fhree reasons may be suggesfed: (i) Availabil- 
ify of organic maffer inpufs via rivers (Kapefsky, 
1984; Caddy and Sharp, 1986; Deegan ef al., 1986; 
Yahez-Arancibia ef al., 1985a,1985b; Yahez-Arancibia 
and Aguirre-Leon, 1988; Day ef al., 1997; Laffaille 
ef al., 1998; Bianchi ef al., 1999; Sanchez-Gil ef al., 
2008); (ii) Shallowness, conducive fo rapid remobi- 
lizafion of nufrienfs (Qasim, 1973a; 1973b; Jones, 1982; 
Nixon, 1982; Quignard, 1984; Deegan ef al., 1994, 2000; 
Deegan, 2002); and (hi) Velocify and volume of wafer 
exchanges between the sea and the estuarine system, 
which also directly affects fish producfion via recruif- 
ment (e.g., Bourquard and Quingnard, 1984; Caddy 
and Sharp, 1986; Deegan ef al., 1986; Yahez-Arancibia, 
2005; Yahez-Arancibia ef al., 2007). 

However, coasfal lagoons do nof have uniformly 
high yields and, indeed, fhe frequency disfribufion of 
Kapefsky's yield dafa is sfrongly skewed (Fig. 18.1). 
Some facfors leading fo fhis nearly log-normal disfri- 
bufion are, wifh regard fo fhe numerous occurrences 
of unproducfive lagoons: 

1. Exfreme salinity and temperature fluctuations, 
turbidity, anoxic conditions, or toxic discharges 
(Gunter, 1967). 



TABLE 18.1 Fisheries yields of coastal lagoons 
(all groups included) as compared with the yields 
of other aquatic ecosystems 



Systems 


Yields (t/km^/year) 
Median Mean 


n 


Coastal lagoons 


5.1 


11.3 


107 


Continental shelves 


4.8 


5.9 


20 


African/Asian reservoirs 


4.2 


7.5 


41 


Coral reefs 


4.1 


4.9 


15 


River floodplains 


3.2 


4.0 


33 


Reservoirs (United States) 


1.3 


2.4 


148 


Natural lakes 


0.5 


2.8 


43 



2. Very shallow sills, preventing sufficient recruit- 
ment. 

3. Excessive illumination or turbidity, both of which 
can lead fo reduced primary producfivify (Qasim, 
1973a, 1973b. 

4. Lack of sufficienf fishing efforf (Quignard, 1984; 
Bailey, 1988), a condifion fhaf is increasingly rare. 

The few exfremely producfive lagoons in 
Eigure 18.1 may benefif, on fhe ofher hand, from 
a number of posifive facfors: 

5. A coasfal habifaf supplying a large recruifment 
(Pauly, 1986b). 

6. Eerfilizafion from rivers and via agriculfural 
runoff, or human sewage and fhrough wafer 
exchanges wifh fhe sea. 

7. A managemenf regime fhaf makes fhe besf of fhe 
incoming recruifmenf. 



18.3 FISH POPULATION 
DYNAMICS AND ITS FOUR 
FACTORS 



18.3.1 Russel's Axiom 

The definifion of "fisheries” in fhe infroducfion 
implies fhe need for managemenf, because common- 
properfy, open-access nafural resources sysfems, 
given compefing users, cannof produce high, 
susfained yields if leff fo fhemselves (Hardin, 1968). 

Eishery science and especially ifs "operafional" 
subdiscipline, fish population d 5 mamics, are often 
articulated by means of Russel's axiom, fhat is: 

B 2 = Bi(R' -H G') - (M' + F') (18.1) 

which sfafes fhaf a well-defined stock (= populafion) 
of fish biomass (Bj) will have affer an arbifrary period 
At, fhe biomass B 2 as a resulf of posifive processes 
{R' — recruifment; G' — growth) having added to the 
stock, while negative processes (M' = natural mor- 
tality; F' — fishery catches) have reduced it (Russel, 
1931; Ricker, 1975). 

Equation 18.1 does not have a form allowing ifs 
direcf use for assessmenf, and hence, fhis equafion is 
generally used only for defining a problem, as done 
here. On fhe ofher hand, fhe four processes included 
in the equation, plus some peripheral processes also 
considered by fishery biologisfs (Eig. 18.2), have been 
puf in a mafhemafically tradable form (Schaefer, 1957; 
Beverfon and Holf, 1957; Ricker, 1954, 1975; Gulland, 
1983; Pauly, 1984, 1998; Hilborn and Wallers, 1992). 
In fhis chapter, we presenf a few of fhe models fhaf 



Source: From Kapetsky (1984). 
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Annual catch (t/km^) 

FIGURE 18.1 Frequency distribution of fishery catches from coastal lagoons. Source: From Kapetsky (1984). (a) Finfish, 
n = 106. (b) Penaeid shrimp, n = 51. 
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FIGURE 18.2 Schematic representation of four key factors determining the future biomass of and catches from a stock: 
Recruitment where N = number of fish added to the stock, individual growth in weight (W) of the fish recruited into the 
usable stock, natural mortality, and capture via fishing mortality. Feeding and reproduction, although necessary for stock 
build up and maintenance, are usually not part of classical fish population dynamics. Source: Adapted from Russel (1931) 
and Ricker (1975). 



have resulted from these efforts, specifically those 
that have been used in dealing with lagoon-estuarine 
systems. The four factors shall be examined in the 
sequence: growth, natural mortality, fishing mortal- 
ity, and related factors (mainly catch/effort), with 
recruitment being last, because it is the most complex 
factor to investigate, model, and predict. 

18.3.2 Growth of Fishes 
in Lagoon-Estuarine Systems 

Lagoon environments are highly seasonal, more so 
than the open marine environment to which they 
are cormected. Thus, the food t 5 q)es (Aguirre-Leon 
and Yahez-Arancibia, 1986; Chavance et al., 1984; 
Fig. 18.3) and food consumption, and hence, the 
growth of lagoon fishes are bound to oscillate season- 
ally, whether the fish in question undertake seasonal 
migrations in and out of coastal lagoons or not. 
Another, perhaps the dominant, source of seasonal 
oscillations is water temperature, which exerts a pro- 
found influence on the metabolic processes of poik- 
ilotherms and hence on their growth (Pauly, 2010). 



Bairdielta chrysoura 





Stomach fullness index (log'"') 



FIGURE 18.3 An example of seasonal changes in the stom- 
ach contents and hence, presumably the food consumption 
of a lagoon fish, the silver perch Bairdiella chrysoura, Ter- 
minos Lagoon, Mexico. Source: Adapted from data in 
Chavance et al. (1984). 
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FIGURE 18.4 Seasonal growth of the checkered puffer Sphoeroides testudineus (Tetraodondidae) from Biscayne Bay, Florida, 
based on length frequency data from Targett (1979; lower panel). Note "doubling up" of the data set, and sample sizes 
(n — 65, 55, etc.). The upper panel shows the "restructured" length frequency data, as used internally by the ELEFAN 
program of Pauly and David (1981). Source: Adapted from Pauly and Ingles (1981). 



Various authors have modified the von Bertalanffy 
equation (Bertalanffy, 1938), commonly used to 
express growth of fish, to accommodate seasonal 
growth oscillations (see e.g., Longhurst and Pauly, 
1987; Hoenig and Chaudhury Hanumara, 1982; 
Soriano and Jarre, 1988; Pauly, 2010). 

Figure 18.4 presents an application example per- 
taining to a puffer fish displaying weak seasonal 
growth oscillations, as is often the case in tropical and 
subtropical waters (Pauly and Ingles, 1981; Longhurst 
and Pauly, 1987). The growth models presented by 
the authors above can accommodate stronger growth 
oscillations, all the way up to a very short period 
of zero growth, for example, when temperatures are 
lowest (Pauly, 2010). However, these models can- 
not accommodate longer periods of zero growth. 
Therefore, we used a model that can accommodate 
a ("winter") period of growth stagnation called no- 
grozvth time (NGT; Pauly et al., 1992). To fit such a 
curve, the time axis is divided into one growth and 
one NGT over each period of one year. Then, during 
growth time, we have 



h = - exp(-H;)], (18.2) 



in which Lj is the length at age t, and where 
K 
2jt 



U> — K(t' — tg) -|- 



(1 - NGT) 

2jt , 2jt 



ik-h) / 

(18.3) 



where f is obtained by subtracting the total amount 
of NGT that the fish experienced from the age t, since 
t = 0. 

The other parameters are the asymptotic 
length, that is, the average length the fish would 
attain if they lived indefinitely; K, twice is the param- 
eter expressing how fast is approached, tg is the 
theoretical "age" at length zero if the fish always 
grew according to the equation, and t^ is the param- 
eter adjusting a seasonal cycle to start at t = 0. Note 
that the seasonal growth itself (outside of NGT) is 
described by a sine wave curve with period 1 — NGT, 
and that the unit of K' is (year — NGT)~^ instead of 
year^*. 

An application example for this model is given 
in Figure 18.5. As might be seen, the model predicts 
a no-growth time of about three months (January 
to March) for the European seabass {Dicentrarchus 
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Dicentrarchus labrax 




FIGURE 18.5 Seasonally oscillating growth of a European sea bass, important in Mediterranean lagoon catches. Source: 
Monthly size data from Quignard (1984); maximum size (r« L^) and spawning season from Beauchot (1987). 



labrax) in I'Etang d'Or, France, a feature that other 
seasonal growth models could not have picked up. 

When growth is not seasonal, that is, when one 
deals with data points that are one year apart or 
when working with otolith microstructures of fish 
not belonging to a given cohort, the standard (non- 
seasonal) von Bertalanffy curve can be used. It has 
the form: 

L, = (18.4) 

where and tg have the same definitions as in 
Equations 18.2 and 18.3, where K has the dimension 
of time^^ (e-gv year^^). An application example is 
presented in Figure 18.6. 

The growth of fishes within coastal lagoons rela- 
tive to that of conspecifics growing in other habitats 
appears to be a function of (i) the type of lagoon 
and/ or of habitats being compared, (ii) the species of 
fish, and (iii) the life stage of the fish species. 

Thus, Chauvet (1988) suggests that shallow, 
eutrophic lagoons lead to improved growth com- 
pared with that in deep lagoons, strongly influenced 
by the marine regime. He also noted, with regard to 
Mediterranean species such as gilthead sea bream 
{Sparus aurata) and European sea bass, that the 
lagoon habitat appears to lead to higher growth rates 
among the juveniles and young adults (Fig. 18.7), 
while among the larger, older specimens of these two 
species, growth within lagoons is at best equivalent 
to, and generally less than, that in the marine 
environment (Chauvet, 1988). 

The West African coast offers further and clearer 
indications of at least small coastal lagoons being 
habitats, leading, independently of fishing effects, to 



Archosargus rhomboidalis 




FIGURE 18.6 Growth of Western Atlantic sea bream 
Archosargus rhomboidalis (Sparidae) in Terminos Lagoon, 
Mexico, as inferred from counts of otolith microstructures 
(recomputed from Chavance et al., 1986). The new param- 
eter estimates derived here differ from those originally 
presented because a nonlinear routine was used to fit the 
data: the new estimation of = 22 cm is closer to the max- 

imum length in Terminos Lagoon (23 cm) than the original 
estimated — 20 cm. Source: Adapted from Chavance 
et al. (1986). 

reduced final (maximum) sizes among resident fishes: 
(i) the maximum observed size of the blackchin tilapia 
Sarotherodon melanotheron (Cichlidae) in the small 
poikilohaline Sakumo Lagoon was 19.5 cm (Pauly, 
1976) versus 25 cm in the much larger estuarine 
Lagos lagoon (Fagade, 1974), and (ii) the two forms of 
the "bonga" Ethmalosafimbriata (Clupeidae) appear to 
occur in West Africa, one occurring along the coast, 
and in estuaries and large “open" coastal lagoons, 
and reaching sizes of up to 30 cm, and the other 
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FIGURE 18.7 Growth differences among juveniles of two 
species of fishes important to Mediterranean lagoon fish- 
eries. (a) Gilthead sea bream, (b) European sea bass. Note 
improved growth in the lagoon habitat. Source: Adapted 
from Chauvet (1984, 1988). 

limited to a length of about 15 cm and occurring and 
reproducing only within closed lagoons (Longhurst 
and Pauly, 1987). Note that these effects are inde- 
pendent of, and added to, the size-based artificial 
selection that is imposed by a long-term fishery, and 
which ultimately results in small adults (Conover and 
Munch, 2002; see also Pauly (2002) for the case of S. 
melanotheron). 

Improved growth of juveniles and limited maxi- 
mum sizes of adults are not necessarily incompatible. 
Indeed, rapid juvenile growth due to availability of 
abundant food and high habitat temperatures gen- 
erally implies a reduction of maximum adult sizes. 
Longhurst and Pauly (1987) give reasons, amplified 
in Pauly (2010), why this should be so. 

18.3.3 Natural Mortality of Fishes 
in Coastal Lagoons 

The natural mortality of a fish population is straight- 
forward and can be modeled using: 

N 2 = (18.5) 

where and N 2 are the numbers of fish at the begin- 
ning and end respectively and M is the instantaneous 
rate of natural mortality during a period At. Instan- 
taneous rates such as in Equation 18.5, for example, 
natural (M) and fishing (F) mortality, can be added 
to yield the total mortality (Z) and the latter used in 
equations analogous to Equation 18.5. 

Beverton and Holt (1959) were the first to 
demonstrate rigorously that the growth performance 
of fishes is strongly correlated with their natural mor- 
tality, that is, that the growth parameter K of fishes 
with similar values (Eq. 18.4) generally remains 



close to a constant proportion of M. Their findings 
were generalized by Pauly (1980) based on data from 
175 fish stocks to yield the empirical equation: 

yO.46 

(18.6) 

^00 

where is the asymptotic length (total length, in 
centimeters), K is per year, and T the environmental 
temperature in degree Celsius. 

Hence, lagoon fishes, which tend to have higher 
K and lower values than their conspecifics in open 
waters, can be expected to have generally higher nat- 
ural mortalities than their open- water counterparts. 
This explains the observation of Chauvet (1988), who 
noted that "strangely, it is in the lagoon habitats that 
are most favorable for growth that the mortality rates 
are highest ..." 

It is important, however, to distinguish between 
the relatively low natural mortality rates affecting 
late juveniles and adults, which are fairly constant 
and largely predictable, from those affecting larval 
and early juveniles, which are high and essentially 
unpredictable. 

Moreover, an important distinction with regard 
to lagoons is that between natural mortality rates 
as discussed above and catastrophic mortalities, as 
caused, for example, by dystrophic crises (Chauvet, 
1988). The former may be seen, at least as far as 
populations rather than individuals are concerned, as 
a gradual process. Thus, natural mortality, as influ- 
enced or determined by predation, will be more or 
less continuous over a certain period and can be com- 
pensated for by population growth, leading to the 
observed narrow range of M/K values. Otherwise, 
populations could not maintain themselves over evo- 
lutionary timescales. 

Catastrophic mortalities, on the other hand, 
which are quite frequent in lagoon-estuarine systems, 
are episodic events, usually connected with sudden 
changes of water characteristics such as dissolved 
O 2 , H 2 S content, and temperature, which can 
induce large-scale death among resident stocks and 
sometimes their total armihilation. 

Many natural or anthropogenic factors may cause 
catastrophic mortalities in coastal lagoons, including 
the following: 

1 . Eutrophication, leading to nighttime depletion of 
oxygen and / or benthic production of H 2 S, which 
can be released into the water column by storms. 

2. Cold or hot spells, particularly effective in shal- 
low lagoons (Gunter, 1952, 1957, 1967). 

3. Terrigenous pollution, for example, from agricul- 
tural pesticides. 
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Catastrophic mortalities are difficult to incorpo- 
rate into standard population dynamics models and 
have indeed not generally been considered explicitly 
in fisheries managemenf. Their probabilify of occur- 
rence and their prevention are, however, important 
aspects of management schemes involving bordigues 
and aquaculture in coastal lagoons. 

18.3.4 Fishing Mortality and Related 
Statistics 

Fishing mortality defined above as F — Z — M can 
also be defined as follows: 

F=^, (18.7) 

where C is fhe fisheries cafch (in weight) during a 
given period and B is the mean biomass during that 
same period. Equation 18.6 provides the rationale 
for affempfs fo esfimafe fhe biomass of fishes in 
coasfal lagoons using, for example, fagging (Lam and 
Lasserre, 1984). Given Equafion 18.7, we also have 

C = q-f-B, (18.8) 

where / represenfs fhe fishing effort and q is the 
catchability coefficient of fhe gear used fo generafe 
the level of effort/. These definitions imply that C/f 
(the catch per unit of effort or CPUE) is, given a 
constant q, proportional to the biomass and hence 
can be used to monitor the status of a sfock whose 
absolufe biomass may be unknown (Eig. 18.8a). 

Lam and Lasserre (1984) reviewed fhe applica- 
bilify of fhese and related models, notably yield-per- 
recruit (Y /R) and cohort analysis, to lagoon fisheries, 
and fhe mefhods, for example, surveys or tagging 
studies, used to estimate their parameters. Their con- 
clusions were as follows: 

1. The assumption of equilibrium implicif in mosf 
sfandard models for analyzing fhe population 
d 5 mamics of fish (nofably Y/R analysis) render 
these models questionable when applied to data 
from lagoon fisheries. 

2. The scaffered and offen small-scale nafure of 
fisheries operafion in coasfal lagoons generally 
makes fhe roufine collection of C/f dafa foo 
cosfly. Elence, such dafa are lacking for mosf 
lagoons (Kapefsky, 1984) or are largely unreliable 
(Bailey, 1988). 

3. The mefhods fhaf may be mosf appropriate for 
lagoon fisheries, fhaf is, virfual population analy- 
sis or cohort analysis (Gulland, 1965; Pope, 1972), 
which have the advantage of nof requiring esfi- 
mafes of fishing efforf, do require cafch-af-age 
dafa, which can be obfained in a cosf-effecfive 
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FIGURE 18.8 Examples of the relationship between fishing 
effort per area, that is, fishing intensity, and dependent 
variables, (a) Relationship between C // and fishing intensity 
in 42 coastal lagoons (Kapetsky, 1984). (b) Relationship 
between yield, C, and fishing intensity in 13 coastal lagoons 
and 15 river floodplains, which appear to have similar yield. 
Source: After Bailey (1988). 



marmer only for fhe mosf importanf species in 
major lagoon fisheries. 

4. If may be mosf appropriafe fo manage lagoon 
fisheries as a black-box sysfem, using a form 
of adaptive managemenf in which fhe cafches 
resulting from inifial infervenfions are monitored 
and used fo refine fhe nexf sef of infervenfions. 

Bailey (1988), working on various fropical small- 
scale fisheries data sets, including coastal lagoons, 
noted that the inclusion of fishing efforf added con- 
siderably fo fhe precision of empirical (i.e., black-box) 
models in predicting yields in such systems. Lie 
derived, for lagoons (n = 13) and floodplains (n = 15), 
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the joint model (Fig. 18.8b): 

log^(yield + 1) = -0.19 + 1.44/°'^ - 0.19/ (18.9) 

for an annual yield expressed in tons per square kilo- 
meter, and where/ is the fishing efforf per area (here, 
fishers per square kilomefer of lagoon or floodplain 
area). This model has an infercepf unequal fo zero 
and, hence, predicfs a nonzero yield where / = 0. If 
should nof be used wifh small values of / (Bailey, 
1988). 

While pleased wifh fhe predicfive power of his 
model, given fhe heferogeneify of fhe available dafa 
sef (Kapefsky, 1984), Bailey (1988) also nofed fhaf 
exfernal approaches such as his may have reached a 
dead-end, nof because of fheir empirical nafure, buf 
because of fhe lack of accepfable dafa "in ferms of 
number of sysfems and quantify of variables mea- 
sured consisfenfly" and fhaf fhis t 5 rpe of approach 
may fhus "have reached an impasse wifh respecf fo 
prediction of fufure size of stocks or yield." 

While based on differenf premises, fhis conclu- 
sion echoes fhaf of Lam and Lasserre (1984). The 
applicafion of classical mefhods of fish populafion 
dynamics and fishing managemenf fo coasfal lagoon 
fisheries appears inappropriate, even if isolafed ele- 
menfs of lagoon resource sysfems can be described 
by fhese classical mefhods. 

18.3.5 Recruitment of Fish Stocks 
in Lagoon-Estuarine Systems 

18.3.5.1 The Fishery Approach toward 

Recruitment 

Providing reliable predictions of fhe recruifmenf 
of a fish sfock for use in fishery managemenf is 
somefhing fhaf has largely eluded fishery biologisfs, 
despife massive efforfs being puf in since fhe very 
beginning of fishery science as a discipline of ifs own 
near fhe end of fhe lasf cenfury (Pauly, 1986a). Clas- 
sical populafion d 5 mamics, as formulated in fhe fexf 
of Beverfon and Holf (1957) or Ricker (1958), resolved 
fhis problem by combining fhe basic processes pre- 
senfed above info models for predicfing yield per 
recruif as a function of fhe confrol variable such as 
F and age af firsf capfure (t^). An example of such 
model is as follows: 

1 3e-^''i 3e-^^''i ' 

Z ~ Z + K ^ Z + 2K Z4-3xJ ' 

(18.10) 

where — fg and f 2 = fc ~ ^ K are as 

defined above, W,^ is fhe weighf corresponding fo 
L^, and recruifs of age are defined as fully mefa- 
morphosed young fish whose growfh is described 



adequafely by an equafion also describing fhe growfh 
of fhe adulfs, whose insfanfaneous rafe of nafural 
morfalify is similar fo fhaf of fhe adulfs, and who 
occur in or swim info some fishing ground (Pauly, 
1984, 1994). 

Following Ricker (1954), numerous fishery biolo- 
gisfs have affempfed fo develop models linking fhe 
parenf sfock and fhe subsequenf recruifmenf. The 
various curves resulfing from fhese efforfs have nof 
been reviewed here (buf see Sharp and Csirke, 1983). 

18.3.5.2 The Ecosystem Approach toward 

Recruitment 

Ecological implications of recruifmenf in func- 
fional sfrucfures of esfuarine and coasfal fish commu- 
nities, and implications fo fisheries in coasfal lagoons 
and esfuaries are key concerns toward ecosystem- 
based managemenf of coasfal fisheries in fhe Gulf of 
Mexico and elsewhere. 

Three groups of fishes occur in coasfal lagoons: 

(i) sedenfary species: fhose which spend fheir enfire 
life cycles wifhin coasfal lagoons; (ii) seasonal 
migranfs: fhose which enter fhe lagoon during a 
more or less well-defined season from eifher fhe 
marine or fhe fresh wafer side and leave if during 
anofher season (Fig. 18.9); and (iii) occasional visitors: 
fhose which enter and leave a lagoon wifhouf a 
clear pattern wifhin and among years. Group (i) is 
usually very limifed, especially when species wifh 
plankfonic sfages are considered. Mosf lagoon fishes 
spawn oufside lagoons. The above-mentioned black 
chin filapia, a male moufh brooder, is an exception 
and ifs special abilify fo wifhsfand large variations of 
femperafure and salinify has enabled if fo dominate 
fhe fauna of small closed lagoons completely along 
fhe Wesf African coasf (Pauly, 1976). 

Generally, however, if is fhe members of group 

(ii) fhaf dominafe fhe fauna of coasfal lagoons, for 
example, by confribufing near 100% of fhe ichfhy- 
ofauna of many Mediterranean lagoons (Quignard, 
1984). Group (iii) is represented in fhe Medifer- 
ranean by species such as fhe garfish Belone belone 
or fhe Aflanfic mackerel Scomber scombrus (J.P. Quig- 
nard, personal communication), by species such as 
snapper Lutjanus spp. or crevalle jack Caranx hippo 
in Wesf African lagoons (Pauly, 1975), or species 
such as gafftopsail sea caffish Bagre marinus, Aflanfic 
anchovefa Cetengraulis edentulus, Wesfem Aflanfic 
sea bream Archosargus rhomboidalis or fomfafe grunf 
Haemulon aurolineatum in lagoons of fhe soufhern Gulf 
of Mexico (Fig. 18.9). 

To fhese fhree basic groups, fwo ofher groups may 
be added (iv) marine, esfuarine-relafed species, which 
spend fheir enfire life cycle in fhe upper shelf under 
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FIGURE 18.9 Examples of fishes with characteristic migration pattern within, outside of, and into and out of Terminos 
Lagoon, Southern Gulf of Mexico. Source: Redrawn from Yanez-Arancibia et al. (1988); Yanez-Arancibia and Sanchez-Gil 
(1988); Sanchez-Gil and Yanez-Arancibia (1997). 



the influence of an estuarine plume, for example, 
fringed flounder Etropus crossotus, shoal flounder 
Syacium gunteri, and rough scad Trachurus lathami 
(Sanchez-Gil and Yanez-Arancibia, 1997; Sanchez-Gil 
et al., 2008); and (v) fresh water, estuarine-related 
species, which spend their entire life cycle in the 
fluvial-deltaic zone in the upper reaches of estuarine 
systems, for example, Petenia spp. and Cichlasoma spp 
(Yanez-Arancibia et al., 1993, 1994). 

Different opinions exist with regard to the 
mechanisms of recruitment into lagoons of group (ii) 
fishes. Quignard (1984) and Chauvet (1988), repre- 
senting the "Eastern Atlantic school," stress that the 
recruitment of group (ii) fishes into coastal lagoons 
is not necessarily due to migrations (Harden-Jones, 
1968). Rather, fishes of this group are either flushed 
into lagoons while still in the planktonic stage, or 
swim as early juveniles into lagoons against the 
outgoing current, either due to their effort to stay 
close inshore or due to coastal wanderings (errances 
in French texts) in search of food. 



The other school, which may be called "Western 
Atlantic," stresses on the important role that lagoons 
play in the life cycles of many coastal fishes. Here, 
lagoons are viewed as major elements of small-scale 
migrations, which, by involving lagoon/estuarine 
habitats, allow a high standing stock to be maintained 
(Fig. 18.10). 

In either case, the relative level of recruitment into 
coastal lagoons will be determined between lagoons 
by the ease with which fish can penetrate into these 
and between years by the overall number of potential 
recruits along the coast. The former point implies, as 
also emphasized by Chauvet (1988), that recruitment 
to coastal lagoons can be artificially increased by 
keeping the mouth of lagoons open during periods 
when juveniles of preferred species occur along the 
coast, or by deepening the sill of lagoons with very 
shallow mouths. 

Coping with between-year variability of recruit- 
ment to lagoons is more difficult, and one of the 
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FIGURE 18.10 Schematic representation of (a) small-scale 
migrations involving shelf, lagoon / estuary, and fresh water 
habitats and allowing certain tropical fish stocks to main- 
tain higher abundance than if they utilized only one type 
of habitat, and (b) large-scale migration. Note the marked 
difference of the scheme in (a) to the cold /temperate situ- 
ation, characterized by large-scale anadromous migration. 
Source: After Yanez-Arancibia and Sanchez-Gil (1988). 



few practical approaches for dealing with this prob- 
lem is management through bordigues, the gear 
and management tool to which the Food and Agri- 
culture Organization of the United Nations (FAO) 
has devoted its first manual on lagoon management 
(Chauvet, 1984). 



18.4 MANAGEMENT OF 
LAGOON-ESTUARINE FISHERIES 



18.4.1 Conventional Fisheries 
Management 

As alluded to in the introduction to this chapter, 
fisheries, at least in modern times, tend to quickly 



become overfished unless they are well managed, 
the result of an overwhelming harvesting capability 
applied to finite resources that belong to no one before 
they are caught (common property) and which every- 
one has the right to exploit (open access). Fisheries 
management, therefore, generally involves putting 
restrictions on (i) access to the resources, (ii) num- 
ber of gears, (iii) t 5 q?e of gear deployed, (iv) timing 
of effort deployment, or (v) some combination of 
these (Pauly et al., 2002). The models used to derive 
the numbers needed for such management are com- 
monly analytical models (Beverton and Flolt, 1957), 
or surplus-production models (Schaefer, 1957), with 
either of these possibly containing some economic 
component, that is, consideration of fishing costs and 
gross returns. 

One commonly used analytic model, structured 
around the four factors discussed above, is the yield- 
per-recruit model (Eq. 18.9), which can be used to 
assess the optimum size/age at first capture. The 
optimum mesh size in a given fishery with known 
fishing mortality identifies the optimum fishing mor- 
tality, given a certain unique range of size/age at 
which the fish of a given stock should be caught. 
Such computations can be made more realistic by 
adding a size-value relation into the model, which 
leads to optimum monetary or nonmonetary return 
per recruit being evaluated (Die et al., 1988). 

Surplus-production models, on the other hand, 
can either be time- or space structured. In the former, a 
time series of catch data from a given fishery is related 
to the corresponding time series of effort data such 
that the optimum level of effort, yielding the largest 
(hopefully) sustained catch (maximum sustained 
yield or MSY) is identified (Schaefer, 1957; Ricker, 
1975). The other class of surplus-production model is 
based on the assumption that a number of units com- 
pared, such as lakes, lagoons, and coastal stretches, 
had similar potential production before onset of a 
fishery and that catch differences between them are 
due to different levels of effort (Munro, 1979). This 
leads to models such as Equation 18.8, which allow 
rough estimation of potential or optimum yields for 
given levels of effort. This allows the assessment of 
whether a lagoon is under- or overfished. Unfor- 
tunately, long time series of catch and effort data, 
needed for fitting time-structured surplus models, 
are generally lacking for lagoon-estuarine systems. 

Yield-per-recruit models, on the other hand, 
when thoughtlessly used to assess fishes or shrimp 
stocks within lagoons, tend to lead to the same 
results: wherever they are applied, they suggest that 
it is better to let the generally small fish and shrimp 
thaf occur inside lagoons escape, and be caughf later 
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by some offshore fishery. This reflecfs fhe facf fhaf, 
until recently, fishery research viewed lagoons as 
one side of an antagonistic relationship, in which 
often poor, small-scale fishers catch large numbers 
of undersized fish and shrimp, which if fhey had 
escaped from the lagoons, would have contributed 
yields to the (usually industrial) fisheries oufside fhe 
lagoons (Garcia and Le Resfe, 1981). There exisfs, 
however, an approach by which the conflict between 
lagoon and coastal fisheries can be resolved, and fhis 
involves fuming coasfal lagoons from marginal sifes 
for harvesting of undersized fish info producfion 
unifs making fhe mosf of fhe nafural recruifmenf 
fhey receive, jusf as any well-managed coasfal fishery 
is supposed fo do. 

18.4.2 Using "Bordigues" As a Tool 
for Lagoon-Estuarine Fisheries 
Management 

The French word "bordigue" (from fhe Provencal 
bourdigo) refers fo a fishing gear widespread around 
fhe Mediferranean and representing fhe culmina- 
tion of an evolution sparming over fwo millermia 
(Chauvef, 1988; McCann, 1988). If is essentially a 
trap, and its basic principle is simple: all young fish 
atfempfing fo gef info fhe lagoon through a bordigue 
can, but those who try to leave the lagoon carmot 
(Fig. 18.11). Bordigues, which are usually placed 
along the charmel connecting a lagoon and the sea, 
thus differ in principle from gears such as fraps, fish 
corrals, and gill nefs fhat are offen deployed in greaf 
numbers wifhin fhe lagoon, buf wifhouf fofally block- 
ing fhe ouflef, and which hence lef a fraction of fhe 
fish leave fhe lagoon fo fhe sea. 

Flere, fhe question mighf arise how can a gear 
fhaf refains all fhe fish affempfing fo leave a lagoon 
be useful fo managemenf? The poinf is fhaf fhe bor- 
digues are consfrucfed so fhaf fhe fish fhey refain are 
nof killed, buf rafher graded according fo size, and 
diverfed info holding pens fhrough adjusfable panels 
of differenf mesh sizes. Only fish fhaf have reached 
markef size are harvesfed. The ofhers are refumed 
fo fhe lagoon fo grow until the next harvest season 
along with fresh recruifs fhaf have jusf enfered fhe 
lagoon. Figure 18.12 confrasfs fhe operafion of a bor- 
digue over a period of several years affer being sef up 
with the traditional exploitation scheme of a lagoon, 
as repealed every year. 

As might be seen in Figure 18.12a, the harvest of a 
conventionally managed lagoon will be based only on 
the single recruitment event preceding it, there being 
no fish leff in fhe lagoon from previous recruifmenf. 
Thus, cafches will vary between years as a function 



of recruifmenf levels, given consisfenf efforf, and fhe 
fish caughf will be of low sizes. 

Bordigues, on fhe ofher hand, lead fo a harvesf 
level fhaf is a funcfion of fhe average level of recruif- 
menf over several years, besides harvesfing fishes fhaf 
are always of optimum size. Thus, bordigues allow 
fhe kind of resource exploifafion fhaf is opfimal in 
ferms of yield-per-recruif analysis, where fish fhaf 
have nof grown fo sufficienf size escape fhrough fhe 
mesh of fhe gear, grow some more, and fhen may 
be caughf, or again escape fhrough fhe mesh of gear, 
depending on whefher fhey have grown fo some size 
deemed as opfimal in ferms of weighf or price. 

As in a well-managed fishery, fhe opfimum size 
af harvesf in a bordigue will fhus depend on fhe rafio 
between growth and natural mortality. Therefore, it 
would make little sense for the small fish retained by 
a bordigue to be returned to a lagoon in which natural 
mortalities are such that they offset any gain in indi- 
vidual weight of the released fish. Thus, managing a 
lagoon by means of a bordigue also implies remov- 
ing as many sources of natural mortality as possible, 
for example, by filling in deep pools in which large 
predators can accumulate, as well as reducing the 
likelihood of catastrophic mortalities by preventing 
inflows of pollutants. Acadja-type structures within 
lagoons, which enhance the survival and the growth 
of young fish, may be considered in this context. 

The technical aspects of the construction of 
bordigues have been discussed in Chauvef (1988). It 
is worth mentioning that their construction requires 
sophisticated engineering and large investments. 
However, daunting the technical and financial 
aspects of the construction of bordigues are, it is 
social factors that usually prevent their widespread 
implementation. Notably, the use of bordigues 
as a fishing gear and management tool requires 
from those with access to or fishing rights in a 
lagoon an extremely high degree of cooperation and 
well-honed management skills. Bordigues must be 
staffed permanently to prevent them from becoming 
clogged with drifting sea grass and to change the 
retaining panels of different mesh sizes depending 
on which species are in the process of swimming to 
different retention chambers. Also, fishing within 
the lagoon must be restrained, as it could otherwise 
offset the gains obtained by returning undersized 
fish retained by the bordigue to the lagoon. Fishing in 
lagoons equipped with bordigues (Table 18.2) is not 
suitable for individualistic fishers. Bourquard and 
Quignard (1984) document the case of a bordigue 
that failed because of their noncooperation. 

We have not presented the bordigue as a 
management tool for lagoon fisheries because we 
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FIGURE 18.11 Schematic representation of a (Tunesian) bordigue, showing (a) how recruits are let through to the lagoon 
when the water flows out of the lagoon, and (b) how fish attempting to leave when the water flows into the lagoon are caught 
to be either marketed or returned to the lagoon for anofher growth cycle. Source: After Chauvet (1988). 



believe that this method of harvesting and managing 
is likely to become widely adopted outside its area 
of origin. We realize fhaf, alfhough if is technically 
applicable in principle in virtually any place in the 
world, the potential for ifs adopfion oufside fhe 
Wesfern Mediferranean is rafher low, mainly because 
of fhe high degree of cooperation and managemenf 
skill thaf is required. 

Rafher, we have presenfed fhe bordigue as an 
imporfanf elemenf in fhe confinuum of lagoon fish- 
eries, which range from tofally unmanaged fo par- 
fially and well-managed fisheries and beyond, fo 
exfensive, semi-infensive, and infensive aquaculfure 
operations. Indeed, the bordigue is one of fhe mosf 
sophisficafed capfure fisheries regime one can imag- 
ine. If requires a level of cooperafion and of man- 
agemenf skill probably higher fhan fhaf involved in 



exfensive aquaculfure, whose yield fhe bordigue can 
approximafe (Table 18.2). Ofher worfhwhile manage- 
menf regimes for lagoon-esfuarine fisheries do exisf 
and have been discussed by Kapefsky and Lasserre 
(1984) and Marm (2000); see also fhe fisheries chapter 
in Day et al. (1989). 



18.5 DISCUSSION 



18.5.1 Uncertainty to Understand Fish 
Resource Dynamics 

Fish production in lagoon-estuarine systems is gener- 
ally high (Day et al., 1989; Yahez-Arancibia et al., 1994, 
1993, 1988; Marm, 2000), and this generally leads to 
high fishery cafches. From our experience, one reason 
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FIGURE 18.12 Schematic representation of differences between (a) a lagoon exploited by gears deployed within the lagoon 
and (b) a lagoon exploited /managed via a bordigue. Note the buildup of fish biomass within the lagoon in case (b), due to 
retention of undersized fishes, which would have left the lagoon in case (a). Source: After Chauvet (1988). 



for this high production is that many of the fish species 
of importance in lagoon-estuarine environment are 
either (i) r-selected sensu (Pianka, 1978), that is, rela- 
tively small, fast growing, high production/biomass 
(P/B) ratio or (ii) the juvelines of K-selected species, 
that is, the fast growing, high production stage fishes 
whose large adult form, however, typically occurs 
outside the lagoon. The high P/B ratios of the con- 
stituent species are not the only explanation for the 
generally high production of lagoon-estuarine fish 
communities. The high biomasses themselves, that is, 
the high carrying capacities of these ecosystems in 
terms of seasonal food availability to fishes, also play 
a crucial role. 

In areas where lagoon systems have maintained 
themselves over long periods (i.e., the Gulf of Mexico), 
evolutionary mechanisms have emerged that have 
stabilized and refined such seasonal programming, 
making the fish population in question gradually 



more dependent on the estuarine system for the 
maintenance of high biomass. In other areas where 
the lagoon system does not persist or is not regularly 
open to juvenile migration (i.e., along the coast of 
Northwestern Africa, the Pacific coast of Mexico, and 
the eastern coast of East Australia), the use of lagoons 
seems to be more a matter of random movements 
along the coast and of inshore movements, that 
is, errances. This implies (i) a lower conversion of 
primary and secondary production into fish flesh and 
hence (ii) lower biomasses of coastal fishes. However, 
the practical difficulties in separating random along- 
shore/inshore movements, that is, errances, from 
evolutionary fine-tuned, aimed movements toward 
and within estuaries, and the difficulties involved in 
precise field estimation of biomass and conversion 
efficiencies, make rigorous testing of the h 5 rpothesis 
difficult. Indeed, this may be the main reason for 
the continuing debate on the degree of dependence 
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TABLE 18.2 Comparative fishery yields of lagoons 
with and without systems to improve survival 
and/or growth of recruits (Chauvet, 1988) 



Location 

System 


Annual Mean^ 
Yield, t/km^ 


Standard^ 
Error, f/km^ 


n 


Africa 


— 


— 


— 


Fishing only 


0.10 


0.52 


10 


Acadja^and 

fishing 


7.75 


2.57 


3 


Mediterranean 


— 


— 


— 


Without 

bordigues^ 


0.83 


— 


52 


Nonpermanent 

bordigues 


0.82 


0.64 


10 


Permanent 

bordigues 


1.85 


0.18 


2 


Permanent 
bordigues plus 
artificial 
stocking‘s 


3.77 


2.96 


4 



■^See Kapetsky (1981) for a description of acad/a-based fish- 
eries. 

^Computed by subtracting bordigues yields from grand mean 

for Mediterranean. 

“^This is a form of aquaculture (Ardizzone et at, 1988). 

of tropical coastal fishes on coastal lagoons and 
estuaries. 

18.5.2 An Unfinished Agenda 

Longhurst and Pauly (1987) have pointed out that 
relatively few finfish and shellfish species are fully 
adapted to a life cycle within a lagoon-estuarine 
system sensu stricto. Nevertheless, it is clear that in the 
tropical and subtropical regions of the Gulf of Mexico, 
and especially in monsoon-t 5 rpe areas where estuar- 
inization of the continental shelf occurs (i.e., in front of 
Tampa Bay, Apalachicola Bay, and along the coasts of 
Mississippi, Louisiana, Texas, Veracruz, Tabasco, and 
Campeche), the difference between lagoon-estuarine 
areas and the inner shelf is smaller than in areas where 
the monsoon-t 5 rpe winds are unimportant. There are 
also sufficient descriptions of specialized estuarine 
fish faunas for it to be clear that they exist in the Gulf 
of Mexico, where the size of the estuaries and their 
tidal regime permit a relatively long flushing period 
(Gunter, 1957, 1967). If the Guntherian hypothesis of 
estuarine dependence of continental shelf, fish stocks 
cannot be applied for the tropical regions as a whole 
(Longhurst and Pauly, 1987), at least it can be applied 
in a straightforward manner to the tropical and 
subtropical regions of the Gulf of Mexico, especially 
the soft-bottom communities of the inner shelf 
associated with extensive deltaic systems, significant 
river discharge, and broad areas of coastal vegetation 



(Deegan et al., 1986; Pauly, 1986b, 1998; Pauly and 
Yahez-Arancibia, 1994; Baltz et al., 1993, 1998; Ches- 
ney et al., 2000, Chesney and Baltz, 2001; Sdnchez-Gil 
and Yanez-Arancibia, 1997; Sanchez-Gil et al., 2008; 
Ydhez-Arancibia et al., 1993, 1988, 1998, 2007). 

A significant fraction of the harvested secondary 
production in the western Gulf's "fertile crescent" 
(Mississippi River mouth to the northern tip of the 
Yucatan Peninsula, and including some areas the 
Atlantic coast of Gentral America) is derived from 
estuarine ecosystems, including areas on the shal- 
low shelf influenced by estuarine plumes (Darnell, 
1990; Ghesney and Baltz, 2001; Yanez-Arancibia, 2005; 
Sanchez-Gil and Yahez-Arancibia, 1997; Sanchez-Gil 
et al, 2008). Gharacteristics of these estuaries are high 
riverine discharge rates, large fresh water surpluses, 
and low water residence times. Much of the produc- 
tion and subsequent trophic transfer may therefore 
occur outside the physical boundaries of the estuar- 
ies, that is, in association with plumes of fresh water 
over the inner continental shelves. These contrasting 
sources — estuary and shelf — of trophic delivery to 
the fishery forage base, and ultimately to larger con- 
sumers, is one cause of uncertainty on how we view 
the functions of estuaries and the shelf ecosystem 
they influence. 

Thus, high fisheries production may be 
attributable in part to the lagoon- and estuary-like 
conditions prevailing in large parts of the inner con- 
tinental shelf during high river discharge periods, as 
relatively a few fish species are wholly adapted to life 
cycles within lagoon-estuarine systems. Moreover, 
in the subtropical and tropical parts of the Gulf, 
and especially in areas where high river discharges 
lead to the shelf exhibiting estuary-like conditions, 
the distinction between estuaries and the shallow 
shelf is clearly smaller than in other areas (Longhurst 
and Pauly, 1987; Pauly and Yanez-Arancibia, 1994; 
Yahez-Arancibia et al., 1994; Yahez-Arancibia, 2005). 

As a consequence, if the "recruits" (= young fish) 
utilize estuaries and coastal lagoons, the population 
in question will be "estuarine dependent." If the 
recruits to that population regularly utilize the estu- 
arine plume on the inner continental shelf, then they 
will be "estuarine-related," or simply opportunistic. 
For estuarine-dependent species, seasonal and inter- 
annual variation in environmental conditions (e.g., 
temperature and salinity) may serve as ecological fil- 
ters that define the quantity of suitable habitat for 
early life history stages. Utilization of coastal habitat 
t 5 rpes, particularly with regard to estuarine depen- 
dence, the occurrence of a life history stage in more 
than one habitat t 5 q?e is insufficient to refute the 
h 5 rpothesis of nursery function of a given habitat 



References | 479 



type. A species may be estuarine dependent at one 
end of its range and less so at the other end. It is 
the controlling variables that are important, not the 
biologist's definition and characterization of a habifaf 

type- 

Neverfheless, Yanez-Arancibia (2005); Cowan 
ef al. (2008); Balfz and Yanez-Arancibia (2010) pre- 
ferred fo fake a fish's eye view of fhe habifaf and used 
fhe disfribufion and abundance of a species or life 
history sfage, rafher fhan environmenfal gradienfs, 
fo define ifs habifaf. Using fhis approach, a species 
may be characterized as esfuarine dependenf if one 
of ifs life hisfory sfages requires some combinafion 
of environmental conditions t 5 rpically found in 
esfuaries. Environmenfal condifions fhaf control 
recruitment success for a species may vary across 
ifs range, such fhaf a species may be dependenf on 
esfuaries af locations fhroughouf mosf of ifs range, 
buf rely heavily on sea-grasses-covered coasfal sand 
flafs af anofher location. The identification of nursery 
habifaf f 5 rpes should require at least a comparison 
of fhe densifies of early life hisfory sfages in ofher 
nearby habifaf f 5 rpes, buf a better characterization 
would derive from identifying where enhanced 
survival, growth, and recruitment occur. 

18.5.3 Habitat Protection As a 
Management Tool 

A number of invesfigafions have demonsfrafed fhe 
existence of complex, seasonally changing relafion- 
ships between fisheries yields and high nufrienf loads, 
fresh wafer inpufs, shallow depfhs, large areas of tidal 
mixing, coasfal vegefafed area, surface area of lagoon- 
esfuarine sysfems, and fhe resulfing high productiv- 
ities fhaf are typical of esfuaries and esfuarine plume 
ecosysfems (Deegan ef al., 1986; Nixon, 1988; Iver- 
son, 1990; Sanchez-Gil and Yanez-Arancibia, 1997; 
Yanez-Arancibia ef al., 2007; see figures in Day ef al., 
1989). As a resulf of fhese relafionships, and despife 
fhe small aggregate spatial exfenf of esfuaries (< 
1% of fhe global marine area), a fraction exceeding 
50% of US and Mexico fishery yields have his- 
torically been derived from esfuarine or esfuary- 
dependenf species (Gunter, 1967; McHugh, 1967; 
Houde and Rufherford, 1993; Vidal -Hernandez and 
Pauly, 2004). 

Thus, managemenf decisions musf accounf for 
fhis seasonal pulsing habifaf, and fhe profecfion 
of ifs difterenf componenfs, including fhe aquafic 
vegefafion, in fhe confexf of comprehensive environ- 
mental plarming. Goastal fisheries resources are an 
expression of ecosysfem functioning and fo assure 
fhe persistence of such resources, fhe profecfion, and 
conservation of essenfial habifafs is fhe key. 



REFERENCES 



Aguirre-Leon A, Ydnez-Arancibia A. Las mojarras de la 
laguna de Terminos: taxonomia, biologia, ecologia y 
dinamica trofica (Pisces: Gerreidae). An Inst Cienc Mar 
Lininol Univ Nac Auton Mexico 1986;13:369-444. 

Ardizzone GD, Cataudella S, Roissi R. Management of 
coastal lagoon fisheries and aquaculture in Italy. FAO 
Fish. Tech. Pap. 293. Rome, 103; 1988. 

Bailey PB. Accounting for effort when comparing tropical 
fisheries in lakes, river-floodplains and lagoons. Limnol 
Oceanogr 1988;33:963-972. 

Baltz DM, Fleeger JW, Rakocinski CF, McCall JN. Food, 
density, and microhabitat: factors affecting growth and 
recruitment potential of juvenile salt marsh fishes. Envi- 
ron Biol Fishes 1998;53:89-103. 

Baltz DM, Rakocinski CF, Fleeger JW. Microhabitat use by 
marsh-edge fishes in a Louisiana estuary. Environ Biol 
Fishes 1993;36:109-126. 

Baltz DM, Yanez-Arancibia A. Ecosystem-based manage- 
ment of coastal fisheries in the Gulf of Mexico: environ- 
mental and anthropogenic impacts and essential habitat 
protection. In: Day JW, Yanez-Arancibia A, editors. Vol- 
ume 4, The Gulf of Mexico Ecosystem-Based Management, 
The Gulf of Mexico Series. College Station (TX): Texas 
A&M University Press; 2010. Chapter 19. 

Beauchot ML. Poissons osseux. In: Fischer W, Schnei- 
der M, Beauchot ML, editors. Volume II, Fiches FAO 
d’ldentification des Especes pourles Besoins de la Peche. 
Mediterranee et Mer Noire Zone de Peche 37. Rev. 1 Vertebre; 
FAO, Rome, 1987. 

Bertalanffy L., von A quantitative theory of organic growth 
(Inquiries in Growth Laws II). Hum Biol 1938;10:181-213. 

Beverton RJH, Holt SJ. On the dynamics of exploited 
fish populations. UK Min Agric Fish Fish Invest Ser 2 
1957;19:533. 

Beverton RJH, Holt SJ. A review of the life spans and 
mortality rates of fishes in nature, and their relationships 
to growth and other physiological characteristics. CIBA 
Found CoUoq Ageing 1959;5:142-180. 

Bianchi TS, Pennock JR, Twilley RR. Biogeochemistry ofGtdf 
of Mexico Estuaries. New York: John Wiley and Sons; 
1999. p 428. 

Bourquard C, Quignard JP. Le complexe de peche de Salse- 
Leucate: bordigue et barrage de poissons. La PSche Marit 
1984;1272:3-11. 

Caddy JF, Sharp P. An ecological framework for marine 
fishery investigation. FAO Fisheries Technical Paper No. 
283. FAO, Rome; 1986. p 152. 

Chauvet C. Fisheries in the Lake of Tunis: fishery biology 
and increasing production by means other than regula- 
tion. In: Kapetsky JM, Lasserre G, editors. Management 
of Coastal Lagoon Fisheries, FAO Stud. Rev. GFCM No. 611. 
FAO, Rome; 1984. p 615-694. 

Chauvet C. Manuel sur I'amenagement des peches dans les 
lagunes coheres: la bordigue mediterraneenne. FAO Fish 
Tech Pap 290 1988. 77 pp. 



480 I CHAPTER EIGHTEEN Fisheries in Lagoon-Estuarine Ecosystems 



Chavance P, Flores D, Yanez-Arancibia A, Amezcua Linares 
F. Ecologia, biologia y dinamica de las poblaciones 
de Bairdiella chrysoura en la Laguna de Terminos, 
Sur del Golfo de Mexico (Pisces: Sciaenidae). An Inst 
Cienc del Mar Lininol Univ Nal Auton Mexico 1984;11: 
123-162. 

Chavance P, Ydnez-Arancibia A, Flores D, Lara-Dominguez 
AL, Amezcua Linares F. Ecology, biology and pop- 
ulation dynamics of Archosargus rhomboidalis (Pisces, 
Sparidae) in a tropical coastal lagoon system. South- 
ern Gulf of Mexico. An Inst Cienc del Mar Limnol Univ 
Nal Anton Mexico 1986;13:11-30. 

Chesney EJ, Baltz DM, Thomas RG. Louisiana estuarine and 
coastal fisheries and habitats: perspective from a fish's 
eye view. Ecological Applications 2000;10(2):350-366. 

Chestney EJ, Baltz DM. The effects of hypoxia on the 
northern Gulf of Mexico coastal ecosystem: a fisheries 
perspective. In: Rabalais NN, Turner RE., editor. Coastal 
hypoxia — Consequences for Living Resources and Ecosys- 
tems. Coastal and Estuarine Studies 58. Washington (DC): 
American Geophysical Union; 2001. pp 321-354, 390 

Conover DO, Mimch SB. Sustaining fisheries yields over 
evolutionary time scales. Science 2002;297:94-96. 

Cowan JH, Grimes CB, Shaw F. Life history, history, 
hysteresis, and habitat changes in Louisiana's coastal 
ecosystems. Bull Mar Sci 2008;83(1): 197-215. 

Darnell RM. Mapping of the biological resources of the conti- 
nental shelf. American Zoologist; 1990;30:15-21. 

Day J, Hall C, Kemp M, Y^nez-Arancibia A. Estuarine Ecol- 
ogy. New York: John Wiley and Sons; 1989. p 558. 

Day JW, Martin JF, Cardoch L, Templet PH. System func- 
tioning as a basis for sustainable management of deltaic 
ecosystem. Coast Manage 1997;25(2): 115-153. 

Day JW, Yanez-Arancibia A. Coastal lagoons and estuaries: 
ecosystem approach. Cienc Interam, OAS Washington 
(DC) 1982;22:12-26. 

Deegan LA. Lesson learned: the effects of nutrient enrich- 
ment on the support of nekton by seagrass and salt 
marsh ecosystems. Estuaries 2002;25(4): 727-742. 

Deegan LA, Day JW, Gosselink JG, Yanez-Arancibia A, 
Soberon-Chavez G, Sanchez-Gil P. Relationships among 
physical characteristics, vegetation distribution, and 
fisheries yield in Gulf of Mexico esfuaries. In: Wolfe 
DA, editor. Estuarine Variability. New York: Academic 
Press; 1986. p 83-100, 510 pp. 

Deegan LA, Finn JT, Hopkinson C, Giblin A, Peterson B, 
Fry B, Hobbie JE. Flow model analysis of the effects of 
organic matter-nutrient interactions on estuarine trophic 
dynamics. In: Dyer KR, Orth RJ, editors. Changes in Fluxes 
in Estuaries: Implications from Science to Management, Olsen 
& Olsen, International Symposium Series, ECSA/ERF Sym- 
posium. University of Plymouth: Institute of Marine 
Sfudies; 1994. p 273-281, 485 pp. 

Deegan LA, Hughes JE, Rountree RA. Salt marsh ecosys- 
tem support of marine transient species. In: Weinstein 
MP, Kreeger DA, editors. Concepts and Controversies in 
Tidal Marsh Ecology. Dordrecht, The Netherlands: Kluwer 
Academic Publishers; 2000. p 333-365, 875 pp. 



Die DJ, Restrepo VR, Hoenig JM. Utility-per-recruitment 
modelling: a neglected concept. Trans Am Fish Soc 
1988;117:274-281. 

Fagade SO. Age determination in Tilapia melanotheron in the 
Lagos Lagoon, Nigeria with a discussion of the environ- 
mental and physiological basis of growth marking in the 
tropics. In: Bagenal TE, editor. Ageing of Fish. London: 
1974. p 71-77. 

Garcia S, Le Reste L. Life cycles, dynamics, exploitation 
and management of coastal penaeid shrimp stocks. FAO 
Fisheries Technical Paper 203; 1981. 215 pp. 

Gulland JA. Estimation of mortality rates. Annex to Rep. 
Arctic Fish. Working Group. ICES C.M. 1965;3: 9 pp. 

Gulland JA. Fish Stock Assessment: a Manual of Basic Methods. 
Chichester: John Wiley and Sons; 1983. 

Gunter G. The impact of catastrophic mortalities for fish- 
eries along the Texas coast. / Wildl Manage. Washington 
(DC): 1952;16:63-69. 

Gunter G. Temperature. In: Hedgpeth JW, editor. Volume 
1, Treatise on Marine Ecology and Paleoecology, Society of 
America Memoirs 67. 1957. p 159-184. 

Gunter G. Some relationships of estuaries to the fisheries of 
the Gulf of Mexico. In: Lauff GH, editor. Estuaries, Am. 
Assoc. Adv. Sci. Spec. Publ. 83; Washington (DC): 1967. 
p 621-638. 

Harden-Jones FR. Fish Migration. London: Edward Arnold 
Ltd.; 1968. 

Hardin G. The tragedy of the commons. Science (Washington, 
DC) 1968;162:1243-1248. 

Hilborn R, Walters CJ. Quantitative Fisheries Stock Assess- 
ment: Choice, Dynamics and Uncertainty. New York: 
Chapman and Hall; 1992. p 570. 

Hoenig N, Chaudhury Hanumara R. A statistical study of 
seasonal growth model for fishes. Technical Report of the 
Department of Computer Science and Statistics., Kingston 
(RI): University of Rhode Island; 1982. 91 p. 

Houde ED, Rutherford ES. Recent trends in estuarine fish- 
eries: Prediction of fish production and yield. Estuaries 
1993;16:161-176. 

Iverson RL. Control of marine fish production. Limnol 
Oceanogr 1990;35:1593-1604. 

Jones R. Ecosystems, food chains and fish yields. In: Pauly 
D, Murphy GI, editors. Theory and Management of Tropical 
Fisheries, ICLARM Conference Proceedings 9. Philippines: 
Manila; 1982. p 195-239. 

Kjerfve B. Elsevier Science B.V. Coastal Lagoon Processes. 
Amsterdam; 1994. pp. 578. 

Kapetsky JM. Some considerations for the management 
of coastal lagoon and estuarine fisheries. FAO Fisheries 
Technical Papers 218. Rome; 1981. pp. 47. 

Kapefsky JM. Coastal lagoon fisheries around the world: 
some perspectives on fishery yields and other compar- 
ative fishery characteristics. In: Kapetsky JM, Lasserre 
G, editors. Volume 1, Management of Coastal Lagoon Fish- 
eries, FAO Stud. Rev. GFCM No. 61. FAO, Rome; 1984. p 
97-139. 

Kapetsky JM, Lasserre G, editors. Volumes 1 and 2, Manage- 
ment of Coastal Lagoon Fisheries, Gen. Fish: Counc. Medit. 
Stud. Rev. 61. Rome: FAO; 1984. p 1-438, 439-776. 



References | 481 



Laffaille P, Brosse S, Feunteun E, Baisez A, Lefeuvre JC. 
Role of fish communities in particulate organic mat- 
ter fluxes between salt marshes and coastal marine 
waters in the Mont Saint-Michel Bay. Hidrobiologia 
1998;373/374:121-133. 

Lam HT, Lasserre G. Stock assessment methods in coastal 
lagoon fisheries. In: Kapetsky JV, Lasserre G, editors. 
Volume 1, Management of Coastal Lagoon Fisheries, FAO 
Stud. Rev. GFCM No. 61. Rome; 1984. 438 pp. 

Longhurst AR, Pauly D. Ecology of Tropical Oceans. San 
Diego (CA): Academic Press Inc.; 1987. p 407. 

Maim KH. Ecology of Coastal Waters with Implications for 
Management. Malden (MA): Blackwell Science, Inc.; 2000. 

McCann AM. The Roman port of Cosa. Sci Am 
1988;258:84-91. 

McHugh JL. Estuarine nekton. In: Lauff GH, editor. Estu- 
aries. Washington (DC): American Association for the 
Advancement of Science, Publication No 83; 1967. 
p 581-629. 

Munro JL. Stock assessment models: applicability of utility 
in tropical small-scale fisheries. In: Roedel PM, Saila SB, 
editors. Stock Assessment for Small-scale Fisheries. Kingston 
(Rl): International Center for Marine Resource Develop- 
ment, University of Rhode Island; 1979. p 35-47. 

Nixon SW. Nutrient dynamics, primary production and 
fisheries yield of lagoons.In Actes du Symposium 
International sur les Lagunes C dtiires, SCOR, lABO, 
UNESCO, Bordeaux, 8-14 Septembre 1981. Oceanol Acta 
1982;5:357-371. 

Nixon SW. Physical energy input and the comparative 
ecology of lake and marine ecosystems. Eimnol Oceanogr 
1988;33:1005-1025. 

Pauly D. On the ecology of a small West-African lagoon. 
Ber dt Komm Meeresforschung 1975;24:46-62. 

Pauly D. The biology, fishery and potential for aquaculture 
of Tilapia melanotheron in a small West African lagoon. 
Aquaculture 1976;7:33-49. 

Pauly D. On the interrelationships between natural mor- 
tality, growth parameters and mean environmental 
temperature in 175 fish stocks. / Cons Int Explor Mer 
1980;39:175-192. 

Pauly D. Fish Population Dynamics in Tropical Waters: A 
Manual for Use with Programmable Calculators. Manila, 
Philippines: ICLARM Studies and Reviews; 1984. 

Pauly D. Towards appropriate concepts and methodolo- 
gies for the study of recruitment communities. In: 
Yanez-Arancibia A, Pauly D, editors. Proceedings of 
the IREP, OSLR Workshop on the Recruitment of Trop- 
ical Coastal Demersal Communities, IOC (UNESCO) 
Workshop Report No. 44. Campeche Mexico; 1986 April 
21-25. Paris, France: 1986a. p 3-14. 

Pauly D, Soriano-Bartz M, Moreau J, Jarre A. A new 
model accounting for seasonal growth cessation in fishes. 
Australian Journal of Marine and Freshwater Research. 
1992;43:1151-1156. 

Pauly D, Yanez-Arancibia A. Fisheries in coastal lagoons. In: 
Kjerfve B, editors. Coastal Lagoon Processes. Amsterdam: 
Elsevier Science B.V; 1994. p. 377-400; 578 pp. 



Pauly D. Problems of tropical inshore fisheries: fishery 
research on tropical soft-bottom communities and the 
evolution of its conceptual base. In: Borgese EM, Gins- 
burg N, editors. Ocean Yearbook 1986. Chicago: University 
of Chicago Press; 1986b. p 29-37. 

Pauly D. Fish recruitment studies: getting unstuck. Essay 
10: 78-86. In: Pauly D, editor. On the Sex of Fish and 
the Gender of Scientist: A Gollection of Essays in Fisheries 
Science, Fish & Fisheries Series 14. London: Chapman & 
Hall; 1994. 250 pp. 

Pauly D. Beyond our original horizons: the tropicalization of 
Beverton and Holt. Rev Fish Biol Fish 1998;8(3): 307-334. 

Pauly D. Spatial modelling of trophic interactions and fish- 
eries impacts in coastal ecosystems: a case study of 
Sakumo Lagoon, Ghana. In: McGlade J, Cury P, Koran- 
teng KA, Hardman-Mountford NJ, editors. In The Gulf of 
Guinea Large Marine Ecosystem: Environmental Forcing and 
Sustainable Development of Marine Resources. Amsterdam: 
Elsevier Science; 2002. p 289-296. 

Pauly D. Gasping Fish and Panting Squids: Oxygen, Tem- 
perature and the Growth of Water-Breathing Animals. 
Oldendorf/Luhe, Germany: Excellence in Ecology (22), 
International Ecology Institute; 2010. p xxviii -1-216. 

Pauly D, David N. ELEFAN 1, a BASIC program for the 
objective extraction of growth parameters from length- 
frequency data. Meeresforschung 1981;28:205-211. 

Pauly D, Christensen V, Guenette S, Pitcher TJ, Sumaila UR, 
Walters CJ, Watson R, Zeller D. Towards sustainability 
in world fisheries. Nature 2002;418:689-695. 

Pauly D, Ingles J. Aspects of the growth and mortality of 
exploited coral reef fishes. In: Gomez E, Birkeland CE, 
Buddemeier RW, Johannes RE, Marsh JA, Tsuda RT, 
editors. Volume 1, Proceedings of the 4th International 
Coral Reef Symposium. Manila, Philippines, Marine 
Science Centre, University of the Philippines,; 1981. 
p 89-98. 

Pianka ER. Evolutionary Ecology. Second Edition, Harper and 
Row New York: 1978. pp 397. 

Pope JG. An investigation of the accuracy of virtual popu- 
lation analysis using cohort analysis. Int Gomm Northw 
Atl Fish Res Bull 1972;9:65-74. 

Qasim SZ. Some problems related to the food chain in a 
tropical estuary. In: Steele JH, editor. Marine Food Ghains. 
Edinburgh: Oliverand Boyd; 1973a. p 45-51. (Reprt. 
Edition). 

Qasim SZ. Productivity of backwaters and estuaries. In: 
Zeitzschel B, editor. The Biology of the Indian Ocean, 
Ecological Studies 3. Berlin: Springer Verlag; 1973b. 
p 143-154. 

Quignard JP. The biological and environmental character- 
istics of lagoons as the basis of fisheries management. In: 
Kapetsky JM, Lasserre G, editors. Management of Goastal 
Lagoon Fisheries, FAO Stud. Rev. GFGM No. 61. FAO, 
Rome; 1984. p 3-38. 

Ricker WE. Stocks and recruitment. / Fish Res Board Gan 
1954;11:559-623. 

Ricker WE. Handbook of computation for biological studies 
of fish populations. Bidl Fish Res Board Gan 1958;119:300 

pp. 



482 I CHAPTER EIGHTEEN Fisheries in Lagoon-Estuarine Ecosystems 



Ricker WE. Computation and interpretation of biological 
statistics of fish populations. Bull Fish Res Board Can 
1975;191;382 pp. 

Russel FS. Some theoretical considerations on the “over- 
fishing" problem. / Cons CIEM 1931;6:3-27. 

Sanchez-Gil P, Yaftez-Arandbia A. Grupos ecologicos fun- 
cionales y recursos pesqueros tropicales. In: Flores D, 
Sanchez-Gil P, Seijo y JC, Arreguin F, editors. UAC, 
Analisis y Diagnostico de los Recursos Pesqueros Criticos 
del Golfo de Mexico, EPOMEX Serie Cientifica 7; 1997. p 
357-389, 486 pp. 

Sanchez-Gil P, Yanez-Arancibia A, Tapia-Garcia M, Day 
JW, Wilson CA, Cowan JH. Ecology and biological 
strategies of Etropus crossotus and Citharichrhys spi- 
lopterus (Pleuronectiformes: Paralichthydae) related to 
the estuarine plume, southern Gulf of Mexico. J Sea Res 
2008;59:173-185. 

Schaefer MB. A study of the dynamics of the fishery for 
yellow fin tuna in the eastern tropical Pacific Ocean. Int 
Am Prop Tuna Comm Bull 1957;2:247-268. 

Sharp GD, Csirke J, editors. Proceedings of the Expert 
Consultation to Examine Changes in Abundance and 
Species Composition of Neritic Fish Resources. San Jose, 
Costa Rica; 1983 April 18-29. FAO Fisheries Report No. 
291. FAO, Rome; 1983. 

Soriano ML, Jarre A. On fitting Somers equation for 
seasonally-oscillating growth, with emphasis on T- 
subzero. Fishbyte (ICLARM) 1988;6:13-14. 

Target! TE. A contribution to the biology of the puffers 
Sphoeroides testiduneus and Sphoeroides sprengleri from 
Biscane Bay, Florida. U S Fish Bull 1979;77(1): 292-295. 

Vidal-Hernandez L, Pauly D. Integration of subsystem 
models as a tool toward describing feeding interac- 
tions and fisheries impacts in a Large Marine Ecosys- 
tem, the Gulf of Mexico. Ocean Coast Manage 2004;47: 
709-725. 

Ydnez-Arancibia A. Middle America, coastal ecology and 
geomorphology. In: Schwartz ML, editor. The Encyclope- 
dia of Coastal Sciences. London: Kluwer /Springer; 2005. p 
639-645,1126 pp. 

Yanez-Arancibia A, Aguirre-Leon A. Pesquerias en la 
region de la laguna de Terminos). In: Yanez-Arancibia 
A, Day JW, editors. Inst. Cienc. del Mar y Lim- 
nol. UNAM, Coast. Ecol. Inst. LSU. Ecology of Coastal 
Ecosystems in the Southern Gulf of Mexico: The Termi- 
nos Lagoon Region. Mexico: Editorial Universitaria; 1988. 
pp. 431-452, 518. 

Yanez-Arancibia A, Lara-Dominguez AL, Day JW. Interac- 
tions between mangrove and seagrass habitats medi- 
ated by estuarine nekton assemblages: Coupling of 
primary and secondary production. Hydrobiologia 
1993;264:1-12. 



Yanez-Arancibia A, Lara-Dominguez AL, Sanchez-Gil P, 
Day JW. In: Withers K, Nipper M, editors. Estuary-sea 
Ecological Interactions: A Theoretical Framework for the Man- 
agement of Coastal Environment. Special Publication No. 1, 
Harte Research Institute for Gulf of Mexico Studies, Envi- 
ronmental Analysis of the Gulf of Mexico, Texas A&M 
University Corpus Christi; 2007. p 271-301, 700 pp. 

Yanez-Arancibia A, and Pauly, D (eds.). lOC/FAO Work- 
shop on Recruitment in Tropical Coastal Demersal Com- 
munities. Paris: UNESCO; Workshop Report 44; 1986. 
322 pp. 

Ydnez-Arancibia A, Sanchez-Gil P. Ecologia de los Recursos 
Pesqueros Demersales Tropicales. Mexico DE: AGT Edito- 
rial; 1988. 190 pp. 

Ydnez-Arancibia A, Soberdn Ch&vez G, Sanchez-Gil P. Ecol- 
ogy of control mechanisms of natural fish production in 
the coastal zone. In: Yanez-Arancibia A, editor. Fish Com- 
munity Ecology in Estuaries and Coastal Lagoons: Towards 
an Ecosystem Integration. Mexico DE: UNAM Press; 1985a. 
Chapter 27, p 571-594, 654 pp. 

Ydnez-Arancibia A, Lara-Dominguez AL, Aguirre-Leon A, 
Diaz-Ruiz S, Amezcua F, Flores D, Chavance P. Ecology 
of dominant fish populations in tropical estuaries: envi- 
ronmental factors regulating biological strategies and 
production. In: Yanez-Arancibia A, editor. Fish Commu- 
nity Ecology in Estuaries and Coastal Lagoons: Towards an 
Ecosystem Integration. Mexico DE: UNAM Press; 1985b. 
Chapter 15, p 311-366, 654 p. 

Yanez-Arancibia A, Lara-Dominguez AL, Sanchez-Gil P, 
Rojas-Galaviz JL, Alvarez Guillen H, Soberon-Chavez 
G, Day JW. Dynamics of coastal nektonic communities 
in the Southern Gulf of Mexico. In: Yanez-Arancibia 
A, Day JW, editors. Ecology of Coastal Ecosystems in the 
Southern Gulf of Mexico: The Terminos Lagoon Region, Inst. 
Cienc. del Mar y Limnol. UNAM, Coast. Ecol. Inst. LSU. 
Mexico: Editorial Universitaria; 1988. p 357-380, 518 pp. 

Yanez-Arancibia A, Lara-Dominguez AL, Pauly D. Coastal 
lagoons as fish habitat. In: Kjerfve B, editor. Coastal 
Lagoons Processes, Elsevier oceanography Series 60. The 
Netherlands: Amsterdam; 1994. p 339-351. 

Yanez-Arancibia AP, Sanchez-Gil AL, Lara-Dominguez 
AL. Functional groups and ecological biodiversity in 
Terminos Lagoon, Mexico. Revta Soc Mex Hist Nat 
1998;49:163-172. 

Yanez-Arancibia A. Middle America, Coastal Ecology and 
Geomorphology, In: Schwartz, M (ed.). The Encyclope- 
dia of Coastal Sciences, Kluwer /Springer Scientific Publ., 
Dordrecht, The Netherlands, 2005. p. 639-645; 1200 pp. 

Yanez-Arancibia A, Lara-Dominguez, AL, Sanchez-Gil, P, 
and Day, JW. 2007. Harte Research Institute for Gulf of 
Mexico Studies Special Publication Series No. 1, Texas 
A&M Corpus Christi. p. 271-301; 700 pp. 



; ^ 






CHAPTEl? 


■ ^ 





NINETEEN 




HUMAN IMPACT AND 
MANAGEMENT OF COASTAL 
AND ESTUARINE ECOSYSTEMS 



John W. Day Jr., Alejandro Yahez-Arancibia, and W. Michael Kemp 



Humans have lived near and prospered from estu- 
aries for tens of thousands of years. Many "cradles 
of civilizations" were located near estuaries of the 
Tigris -Euphrates, Nile, Indus, Usumacinta, and Yel- 
low rivers (Day et al., 2007, 2012). Initially, the 
abundance of food invited human settlements. Later, 
river mouths became important sites for commerce, 
and at present, many of the world's largest cities bor- 
der major estuarine systems, including New York, 
London, Cairo, Calcutta, Dacca, Sao Paulo, Buenos 
Aires, Guayaquil, and Shanghai. From the begirming, 
human activities resulted in alterations in the natural 
state of estuaries. Early examples include construction 
of mounds for home sites and harvesting of fish and 
shellfish. Human impacts have continued through 
the centuries, so that at present, there are almost no 
estuarine systems in their natural state. The rate and 
degree of human impact have accelerated over the 
past two centuries as a result of increasing popula- 
tion, industrial growth, and the development of new 
technologies such as modem dredges and powerful 
pumps. As the effects of different kinds of impacts can 
build slowly over time and can be S 5 mergistic, W. E. 
Odum (1970) called the effects of human activity the 
"insidious alteration of the estuarine environment." 



In a s 5 mthesis of coastal ecological systems of the 
United States, Odum et al. (1974) discuss the effects 
of a number of specific t 5 rpes of impacts from the per- 
spective of new energy inputs altering older natural 
energy flows. 

In this chapter, we discuss specific ways that 
human activities affect estuarine ecosystems. Over 
the past several decades, there has been a great deal 
of scientific study of human impacts on estuaries. A 
complete review of this literature would take con- 
siderably more space than this entire volume. In this 
chapter, therefore, we want to do only a few things. 
First, we present a generic classification scheme that 
organizes impacts into a few major t 5 rpes. We then 
give examples of each t 5 rpe of impact for a number 
of different estuarine systems based on information 
presented earlier in the book. In doing so we accom- 
plish two things: we demonstrate the responses to 
different kinds of impacts and we show how human 
impacts affect different aspects of the structure and 
function of estuarine ecosystems such as primary 
production, nutrient cycling, and community struc- 
ture. Finally, we discuss an integrated approach to 
coastal management. A number of texts have dealt 
with various aspects of human impacts in coastal 
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TABLE 19.1 Classification of human impacts on 
coastal ecosystems 



Impact Type 


Examples 


Physical changes 


Hydrologic 


Channelization of streams, canals 


changes 


for petroleum production in 
Mississippi delta, oil 
exploration, dredging, 
drainage, harbor dredging, 
and navigation 


Impoundments 


Reclamation 


Polders in the Netherlands 


Enrichment 


Eutrophication 


Algal blooms resulting from 
agricultural runoff 


Organic 


Fish-processing wastes 


enrichment 


Thermal 


Power plants 


additions 


Toxins 


Heavy metals, pesticides, other 
chemicals such as DDT and 
PCBs, mercury, exotic organics 


Direct changes in species 


Composition 


Harvest and overharvest, 
overfishing 


Introduction of 


Striped bass on US west coast. 


exotic species 


nutria in Louisiana 



systems, and the reader may want to consult these for 
more detailed treatments (Olsen and Burgess, 1967; 
Odum et al., 1974; Gerlach, 1981; Neilson and Cronin, 
1981; McLusky and Elliott, 2004; Kermish, 2005; Orth 
et al., 2006; Withers and Nipper, 2007; Costanza, 1994; 
Fanning et al., 2011; Yahez-Arancibia and Day, 2012). 



19.1 A CLASSIFICATION 
OF HUMAN IMPACTS 
IN ESTUARIES 



We identify four general cafegories of impacfs on esfu- 
arine ecosysfems: enrichmenf wifh excessive levels of 
organic maferial, inorganic nufrienfs, or heaf; phys- 
ical alterations; introduction of toxic materials; and 
direcf changes in communify sfrucfure fhrough the 
harvesting or introduction of exofic species (Balfz and 
Yanez-Arancibia, 2012). Table 19.1 ouflines fhis clas- 
sification and gives examples of each fype of impacf. 

Enrichment is fhe addifion of generally nafurally 
occurring subsfances or heat at levels that are not 
toxic but that lead to changes in the structure and 
metabolism of fhe ecosysfem. Eufrophicafion is a f 5 rpe 
of enrichmenf fhaf occurs as a resulf of fhe addifion of 
high levels of inorganic nufrienfs, especially nifrogen 



and phosphorus. The addifion of excess heaf is gen- 
erally called fhermal pollution or calefacfion. Physical 
alterations are direcf changes in fhe physical sfrucfure 
or d 5 mamics of an esfuary. Physical alterations are 
mainly of fwo related t 5 rpes: hydrologic changes and 
reclamation. In this chapter, we define hydrologic 
changes as fhose fhat alter wafer movemenf buf nof 
fo fhe exfent fhaf fhe sysfem is complefely desfroyed 
(e.g., fhe sysfem refains a wefland or esfuarine char- 
acter). Reclamation is fhe conversion of an esfuarine 
sysfem fo dry land by drainage and/or filling. As 
if implies, fhe infroducfion of toxic materials is fhe 
infroducfion of maferials fhat are toxic to organisms, 
either acutely or chronically. Toxins can be naturally 
occurring materials such as heavy metals (which 
occur in concentrations much higher than that which 
occurs naturally) or exotic organic compounds such 
as pesticides or by-products of indusfrial acfivify. 
Excessive fisheries harvest or introduction of exotic species 
leads fo direcf changes in species composition. These 
usually lead fo changes in fhe relative abundance 
of differenf species, buf if harvesf pressure is greaf 
enough for a susfained period, species may be driven 
fo exfincfion in a local area. In fhe remaining secfions 
of fhe chapfer, each of fhese f)^es of impacfs is 
discussed in more defail and several examples of 
each are given fo illusfrafe fhe kinds of changes fhaf 
can occur. Specific examples of human impacfs are 
given in many chapfers in fhis book, and we refer fo 
fhese in fhis chapfer. 

19.2 ENRICHMENT 



Progressive enrichmenf of esfuarine wafers wifh inor- 
ganic nufrienfs, organic maffer, or heaf leads fo 
changes in fhe sfrucfure and processes of esfuarine 
ecosysfems. 

19.2.1 Nutrient Enrichment 
and Eutrophication 

Nufrient enrichmenf can lead fo excessive algal 
growfh, increased mefabolism, and changes in com- 
munify sfrucfure, a condifion known as eutrophication. 
There have been many sfudies of eufrophicafion 
in coasfal wafers (Neilson and Cronin 1981, Nixon 
1995, Cloern 2001, Kemp ef al. 2005, Withers and 
Nippers 2007). Jaworski (1981) discusses the sources 
of nufrienfs and fhe scale of eufrophicafion problems 
in esfuaries. The following examples discussed 
furfher serve fo illusfrafe fhe effecfs of excessive 
nufrienf enrichmenf in esfuaries. In Chapfers 4 and 
5, fhe impacf of overenrichmenf wifh nufrienfs is 
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discussed for phytoplankton and submerged aquatic 
vegetation. 

With progressive nutrient enrichment, phyto- 
plankton form dense "blooms" that can discolor 
affected waters and cause water quality problems 
(Paerl, 1988; Richardson, 1997; Anderson et al., 2000). 
When blooms die, they sink to the seafloor and 
decompose, causing oxygen depletion in bottom 
waters (i.e., h 5 rpoxia and anoxia) (Officer et al., 1984; 
Rabalais and Turner, 2001; Diaz and Rosenberg, 
2008). Some bloom species also produce foul odors 
and tastes, which can be problematic from water 
supply, recreational, and aquaculture perspectives. 
Some species also produce secondary metabolites 
that can be toxic to higher fauna (Carmichael, 
2001), including zooplankton, fish, and a variety 
of mammals, including humans. Details on these 
impacts are presented in Chapter 4. 

Deterioration of seagrass and related submersed 
plant beds has been observed over wide geographical 
scales (e.g., Duarte, 2002; Waycott et al., 2009), and it 
has been estimated that nearly 30% of worldwide sub- 
mersed plant area has been lost since the 1870s and 
that the rate of loss continues to increase (Chapter 5). 
A complex network of interactions exists between 
submersed plants, hydrodynamics, sediment, and 
associated organisms, which can result in positive 
feedback effects on plant growth (Chapter 5). Sub- 
mersed plant communities include the vascular plants 
themselves and a complex epiphytic community that 
grows on the plant leaves. Because of this, submersed 
plants are very sensitive to reductions in light. In 
effect, there is a double light filter before radiation 
can drive plant photos 5 mthesis. Light has to pass 
through the water column and then through the epi- 
phytic community before reaching the leaf surfaces. 
In a clean environment, there is a dynamic balance of 
light, nutrients, submersed plants, and the epiphytic 
community. However, eutrophication can destabi- 
lize this balance. When there is point and nonpoint 
source runoff into an estuarine system, water column 
transparency can be reduced due to both suspended 
material in the runoff and nutrient-stimulated phyto- 
plankton growth. In addition, excess nutrients result 
in overgrowth of the epiphytic community. Because 
of these processes, submersed plants are acutely sen- 
sitive to eutrophication and, as indicated earlier, large 
areas of SAV have disappeared (Kemp et al. 2004). 

19.2.2 Addition of Excessive Levels 
of Organic Matter 

The enrichment of coastal waters with excessive lev- 
els of organic matter is caused by inputs of material 
from a variety of different sources and leads to a 



number of changes. The source of high levels of 
organic matter can be sewage waste water as well as 
seafood processing wastes and industrial effluents. 
These wastes lead to bacterial contamination and 
lowered dissolved oxygen concentrations and can 
result in very large changes to community structure 
and metabolism. Inorganic nutrients from mineraliza- 
tion of the organic matter can stimulate dense algal 
blooms and maintain excessive levels of organic mat- 
ter. Therefore, the impacts of excessive nutrients and 
organic matter are often similar. 

When an area is enriched with organic matter, 
the structure of the benthic community can change 
dramatically. Organisms that burrow into anaerobic 
sediments have to be able to oxygenate their burrows 
by pumping oxygenated water through. With increas- 
ing organic loading of an area, from sewage pollution, 
for example, burrowing organisms are eliminated 
because the anaerobic zone moves closer to the sedi- 
ment surface. In grossly polluted areas, only worms 
such as Capitella sp. can survive, and they may do very 
well by consuming organic matter at the sediment 
surface (Marm, 1982). 

In the Scheldt Estuary in Belgium, high loading 
of organic matter from wastewater treatments plants 
(Soetaert et al., 2006) and watershed runoff have led to 
high bacterial respiration, and the estuary has become 
net heterotrophic in spite of high phytoplankton pro- 
duction (Gazeau et al., 2005; Kromkamp and Van 
Engeland, 2010, see Chapter 15 for more details). 

19.2.3 Thermal Additions 

One of the most commonly described impacts of 
power generation is often referred to as thermal pol- 
lution, although calefaction or thermal loading may 
be more appropriate (Hall et al., 1978). Under certain 
conditions, heated water from power generation facil- 
ities such as coal burning and nuclear power plants 
can selectively eliminate large segments of a healthy 
aquatic ecosystem; however, most often, the impacts 
are less pronounced. Impacts on individuals include 
interference with physiological processes, behavioral 
changes, enhancement of disease, and impacts from 
changing gas solubilities. In temperate winter, fishes 
may become thermally marooned in the warm water 
around power plants, with seasonal decline in ambi- 
ent temperature. 

19.3 PHYSICAL ALTERATIONS 

19.3.1 Local Alterations 

Physical alterations within coastal systems include 
activities such as filling and draining of wetlands. 
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construction of deep navigation channels through 
shallow water bodies, bulkheading, and canal dredg- 
ing through wetlands. Two major t 5 rpes of impacfs 
resulfing from fhese acfivifies are habifaf desfruc- 
fion and hydrologic or hydrodynamic alferafion. For 
example, canals and deep navigafion charmels can 
alter circulation, allow saltwater intrusion, and pro- 
mote the development of anoxic wafers in fhe boffoms 
of charmels. 

One of fhe major physical alferafions of coasfal 
sysfems is fhe direcf desfrucfion of wef lands. A num- 
ber of bofh nafural and culf ural factors lead to wefland 
toss (Table 19.2), buf in general, culfural factors are 
much more imporfanf. Weflands along fhe US coasf 
in areas wifh high populafion densifies have gener- 
ally suffered fhe greafesf proportional loss (Gosselink 
and Baumarm, 1980), a reflection of fhe pressure of 
development in these areas. 



TABLE 19.2 Activities and processes causing 
wetland loss 

Impact Examples 

Type 

Cultural Direct 

Dredging 
Spoil disposal 
Land fill 
Waste disposal 

Impounding and draining (e.g., for 
agriculture) 

Marsh buggies and other wetland 
transportation vehicles 
Indirect 

Sediment diversion (e.g., dams, deep 
channels), hydrologic alterations 
(e.g., by canals, spoil banks) 
Subsidence due to extraction of 
groundwater, oil, gas, sulfur, and 
other minerals 

Natural Subsidence (apparent water level rise) 
Isostatic adjustments (e.g., crustal 
downwarping or uplift) 

Differential consolidation of sediments 
because of textural variability 
Consolidation of sediments because of 
weight of other features (e.g., 
natural or artificial levees, buildings) 
Eustasy 
Droughts 

Hurricanes and other storms 
Erosion 

Biotic effects (e.g., muskrat and goose 
eat-outs) 

Source'. From Gosselink and Baumann (1980). 



The deltas of fhe Mississippi and Ebro rivers 
serve as fwo examples where human acfivifies have 
resulfed in dramatic regional changes in coasfal sys- 
fems (Chapter 6). In fhe Ebro delfa, changes have pro- 
ceeded deliberately to provide freshwater supply and 
land for urban developmenf and agriculfure. In fhe 
Mississippi delfa, many of fhe changes have followed 
as fhe indirecf and cumulafive impacfs of human 
acfivifies such as levees, pervasive hydrological alter- 
ation, and petroleum exploration and production. In 
both cases, large areas of coasfal ecosysfems have 
been altered and desfroyed. Such human alferafion of 
delfaic ecosysfems is pervasive worldwide (S 5 rvifski 
ef al., 2009; Vorosmarfy ef al., 2009; Day ef al., 2011) 

19.3.2 Upstream Alterations 

Upsfream changes in rivers can have pronounced 
effecfs on fhe esfuaries info which fhey discharge. 
Consfrucfion of dams, diversion of fresh wafer, and 
groundwater wifhdrawals lower fhe amounf of fresh 
wafer, nufrienfs, and suspended sediment input. We 
have documented in a number of chapters in this 
book the importance of fhese inpufs to esfuarine pro- 
ducfivify (Chapfers 2, 4, 6, 13, and 18). Dams also 
impede or block fhe movemenf of migrafory organ- 
isms, and by changing fhe timing of wafer discharge, 
fhey may inferfere wifh fhe life hisfories of migrafory 
fish fhaf are finely funed fo fhose discharges. On fhe 
ofher hand, charmelizafion of sfreams causes more 
rapid pulses of wafer fo coasfal sysfems. Consfruc- 
tion of dams on fhe Mississippi River sysfem has 
resulfed in abouf a 50% decrease in suspended load, 
undoubtedly aggravating fhe land loss problem in 
fhe Mississippi delfa while fhese sedimenfs fill up fhe 
upsfream reservoirs. Blum and Roberfs (2009) pro- 
jecfed fhaf almosf all delfa weflands would disappear 
by fhe end of fhis cenfury because of sediment reduc- 
tion and sea-level rise. Ereshwater diversions from 
fhe Colorado River in fhe western Unifed Sfafes are 
causing hyrpersaline condifions and deferiorafion of 
fhe river delfa. Because mosf of fhe wafer use occurs 
in fhe Unifed Sfafes buf fhe coasfal problems are fell 
in Mexico, fhis issue has been an imporfanf poinf 
of contention and discussion befween fhe fwo coun- 
fries. Ereshwafer and sedimenf reducfions in rivers 
have impacfed coasfal sysfems fed by many rivers 
including fhe Ebro in Spain, fhe Euphrates, fhe Nile, 
and fhe Indus rivers (S 5 rvifski ef al., 2009). Sfanley 
(1988) reported fhaf fhe eastern parf of fhe Nile delfa 
was undergoing subsidence of abouf 0.5 cm /year. 
This rapid subsidence combined wifh reducfion of 
sediment input due to the Aswan Dam and rising sea 
level is likely to lead to flooding of a large parf of fhe 
delfa plain by fhe end of fhe nexf cenfury. 
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19.4 TOXINS 



Toxic materials include compounds such as pesti- 
cides, heavy metals, petroleum products, and exotic 
by-products of industrial activity. These materials 
can be acutely toxic, or more commonly, they can 
cause chronic or sublethal effects. Human-introduced 
chemical contaminants bind to sediments in estuar- 
ies, and some, including methyl mercury, selenium, 
PCBs, and trace metals, bioaccumulate up the estuar- 
ine food chain (Takekawa ef al., 2006). 

The toxicology liferafure is filled wifh dafa 
reporfing ecosystem mefabolic responses fo diverse 
organic and inorganic contaminanfs (Graney ef al., 
1994; Chapter 15). For example, Wiegner ef al. (2003) 
reporfed fhat ecosystem producfion was significantly 
stimulated by nutrients and inhibited by metal 
toxins, while input of bofh sefs of chemicals resulted 
in slighf enhancemenf of gross and nef producfion. 
Herbicide addifions fo seagrass-dominated meso- 
cosms resulted in sharp declines in producfion fhaf 
diminished within weeks as the herbicides degraded 
(Curmingham et al., 1984). In Chapter 11, Benfield 
reports on both acute and lethal impacts of foxins 
on zooplankfon. Many esfuarine sedimenfs serve 
as long-term sinks for a variefy of classes of foxic 
chemicals, including heavy mefals, hydrocarbons, 
herbicides, pesficides, and endocrine disrupters, and 
fhus, benfhic organisms can be subjected fo more 
foxic sfress fhan organisms in fhe wafer column 
(Long, 2000, see Chapter 12). Generally, sfudies 
have shown fhaf crusfaceans and echinoderms are 
infoleranf fo mosf kinds of sedimenf confaminafion 
and small-bodied deposif feeders, fhaf is, armelids 
and nematodes, are fhe mosf tolerant. As a result, 
pollution may bring about community change due 
to indirect effects, in which tolerant species change 
in abundance because competitors, predators, or 
prey are affected by pollutants (Fleeger et al., 2003). 
Because wildlife species are offen af fhe fop of fhe 
food chain, fhey can be sfrongly impacfed by foxins 
(Chapfer 14). For example, PCB contamination in 
coastal Georgia marshes was found fo be associafed 
with a high frequency of sfrand breakage in fhe 
DNA of clapper rails (Novak ef al., 2006). This level 
of confaminafion has human healfh ramificafions 
because fhe rails are game species commonly 
hunted and consumed by local residents. Mercury 
contamination can be a particularly severe problem 
(Takekawa et al., 2006), causing acute toxicity in 
birds and mammals. High-level exposure damages 
the central nervous system, while low-level exposure 
affects reproduction in vertebrates (Wolfe ef al., 
1998). 



The environmental impacts of pefroleum exfrac- 
fion, processing, and fransporf in fhe coasfal zone 
have been a concern for many years. This is espe- 
cially frue for areas wifh high levels of pefroleum 
acfivify such as fhe Mississippi delfa or fhe Usumac- 
infa/ Grijalva delfa (Wifhers and Nipper, 2007). Ko 
and Day (2004) reviewed fhe liferafure on fhe envi- 
ronmental impacts of pefroleum activities in the 
delta. These included mortality, growth inhibition, 
reduced reproduction, shifts in species importance, 
and tainted flesh in fish and shellfish. Teal and 
Howarfh (1984) sfafed fhe following generalizations: 
"oil regularly reaches sedimenfs after a spill; oil in 
anoxic sedimenfs is persisfenf; oil regularly confami- 
nafes zooplankfon and benfhic toverfebrafes; fish are 
also confaminafed, buf fo a lesser exfent; and oil con- 
tamination decreases the abundance and diversity of 
benfhic communifies." 

One phenomenon fhaf offen characterizes per- 
sisfenf toxins is the biological concentration of a 
subsfance as if moves up fhrough a food web. This 
process has been called bioaccumulation or biomagnifi- 
cation. There are many examples of fhis for persisfenf 
pesficides. One classic example is for DDT in a salt 
marsh system on the shore of Long Island Sound, 
New York. Woodwell ef al. (1967) measured fhe con- 
cenfrafion of DDT and several breakdown producfs 
in fhe water, soil, and biota of fhe esfuary. DDT 
concentrafions increased wifh frophic level by more 
fhan 5 orders of magnifude. Goncenfrafions ranged 
from 0.00005 ppm in wafer fo 75.5 ppm in ring-billed 
gulls. The highesf concentrafions were close fo being 
acufely foxic. Bans on fhe use of such persisfenf pes- 
ficides in many parfs of fhe world have decreased fhe 
incidence of fhe problem, buf fhis example vividly 
illusfrafes fhe process of biomagnificafion. 

19.5 CHANGES IN BIOTIC 
STRUCTURE DUE TO HARVEST 
AND INTRODUCTION OF NEW 
SPECIES 



19.5.1 Harvest 

One of fhe attractions of esfuaries is fhaf fhey 
offen supporf a high fisheries producfion (Balfz and 
Yahez-Arancibia, 2012). If an individual species is 
exploited too heavily or is overfished, fhere can 
be pronounced changes in fhe composition of fhe 
esfuarine community (Houde and Rutherford, 1993; 
Wilson, 2002; Musick ef al., 2000). Houde and Rufher- 
ford (1993) reporfed fhaf some esfuarine-dependenf 
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fisheries have declined, probably due to overfishing. 
Wilson (2002) reported that many estuarine fisheries 
are being overexploited, with several species highly 
endangered, including smelt, eels, oysters, and 
sturgeons. In Chapter 18, there are a number of 
additional examples of the effects of depletion of the 
stocks of individual species. 

One kind of industrial activity in the coastal zone 
that can be considered as a kind of accidental harvest 
is the trapping of fish and plankton in the cooling 
water intake of power plants and other facilities. This 
has been termed entrainment and can lead to sig- 
nificant mortality because of the enormous amounts 
of water that can pass through a plant. Because the 
majority of the estuarine fauna have planktonic larvae 
and many important fishery species are both estuarine 
dependent and have planktonic life stages, entrain- 
ment holds enormous potential for both ecological as 
well as economic damage. 

19.5.2 Introduction of New Species 

The introduction of new species into coastal ecosys- 
tems has taken place for many centuries, both on 
purpose and by accident. Purposeful introductions 
have mainly been commercially or recreationally 
valuable fish and shellfish, although some species 
have been introduced for utilitarian reasons such as 
weed control. Most accidental introductions of new 
species into coastal and estuarine waters have been 
on the hulls or in the ballast water of ships. Some 
species were purposely imported and then accidently 
released. Below, we discuss each of these in more 
detail. 

Moyle (1986) reviewed fish introductions into 
North America. The transplantation of fishes has a 
long history. The Romans took carp from the Danube 
River to Italy, and the Scandinavians transplanted 
salmonids in the twelfth century. By the 1870s, Pacific 
salmon were regularly brought to the Atlantic coast. 
The introduction of new species, not only of fish 
but also of other aquatic organisms continues to the 
present. 

One introduced species that has become impor- 
tant in coastal areas around the Gulf of Mexico is the 
nutria {Myocastor coypu). The nutria, a native South 
American mammal, was introduced into Louisiana in 
the 1930s for fur production and weed control (O'Neil, 
1949; Lowery, 1974). Subsequently, the nutria spread 
rapidly and its population grew, and by the late 
1950s, the total population was estimated at over 20 
million animals (Lowery, 1974). It is now the single 
most important species in the trapping industry in 
Louisiana. Nutria may also be contributing to the 
coastal wetland loss problem in Louisiana. Because 



they cause extensive "eat-outs" of existing marsh and 
feed heavily on new shoots, they contribute to marsh 
destruction and regrowth (Evers et al., 1998; Visser 
et al., 1999). It has become apparent that nutria are an 
important factor preventing the regrowth of C 5 rpress 
forests because they feed heavily on seedlings (Con- 
ner, 1988; Shaffer et al., 2009; Myers et al., 1995). The 
nutria is thus a case where a single species can be both 
beneficial (in terms of the fur harvest) and detrimental 
(contributing to wetland loss). 

19.6 COASTAL AND ESTUARINE 
MANAGEMENT IN THE 
TWENTY-FIRST CENTURY 

Over much of the past several decades, solutions to 
environmental impacts as discussed earlier in this 
chapter, and throughout this book, have often been 
addressed individually. If a sewage plant or industry 
was polluting an estuary, the goal was to use more 
advanced sewage treatment or remove toxins from 
the industrial effluent. In the twenty-first century, 
the goal of management is moving toward integrated 
coastal zone management (ICZM) that deals holisti- 
cally with coastal problems while taking into account 
megatrends of this century such as climate change 
and energy scarcity (Day et al., 2009; Withers and 
Nipper, 2007; Fanning et al., 2011; Yahez-Arancibia 
et al., 201 1, 2012). In the following section, we describe 
the approach of ICZM. 

19.6.1 Integrated Coastal Zone 
Management (ICZM) 

ICZM is a multidisciplinary, multisectoral d 5 mamic 
process, by which the decisions on use, development, 
and protection of coastal areas and their natural 
resources imply a balance among land use, climate, 
and landscape, with the potential for land use change 
in parts of the coastal zone and protection of certain 
natural areas, and it should be done in a way that 
balances ecological, social, and economic factors. 
ICZM is science based and addresses a host of 
interrelated environmental problems (Harwell et al., 
1999; Mitsch et al., 2001; Day et al., 2005; Harwell 
et al., 1996; Twilley et al., 1998; Gentile et al., 2001; 
Reyes et al., 2004; Ko and Day, 2004; Yahez-Arancibia 
et al., 2011) and integrates multiple system com- 
ponents and uses. ICZM helps identify and strives 
for sustainable outcomes, avoids deleterious actions, 
and achieves adaptive management (Boesch, 2006; 
Yahez-Arancibia and Day, 2012). ICZM integrates all 
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levels of governments, NGOs, and communities in 
a program for the protection, conservation, and sus- 
tainable development of coastal environments and 
resources. (Yanez-Arancibia, 2004; Hinrichsen, 2011). 

Ecological risk assessment is an integral com- 
ponent of ICZM (Christensen et al., 1996; Harwell 
et al., 1996; Gentile et al., 2001; Boesch, 2006; Day and 
Yanez-Arancibia, 2012). Decision making is facilitated 
by characterizing the ecological risk or consequences 
of alternative policies in the context of sustainabil- 
ity goals. The successful implementation of ICZM is 
based, in part, on using a risk-based process to iden- 
tify the causal linkages among land uses, stressors, 
and ecological effects in order to base management 
decisions on sound science and specific societal goals 
for ecological restoration. 

From the standpoint of temporal and spatial 
scales, ICZM integrates across the continuum from 
the river basin, the estuarine ecosystem to the estuar- 
ine plume on the continental shelf and from seasonal 
to decades or longer (Fig. 19.1). The goals of ICZM are 
to reduce those market distortions that affect biologi- 
cal diversity, align incentives to promote biodiversity 
conservation and sustainable use, and internalize 
costs and benefits in the ecosystem to the extent 
feasible. ICZM recognizes that management based on 
ecosystem integrity and functioning is most likely to 
be sustainable. In addition, ICZM must contend with 
a shifting baseline because of global climate change 
and growing energy scarcity. 



19.6.2 Global Climatic Change 
and Energy Scarcity 

In Chapter 20, the impacts of climate change are 
discussed. Because of the location of coastal sys- 
tems at the boundary between the land and the 
sea, they are among the most threatened by climate 
change. Global change impacts on coastal systems 
include increasing temperature; changes in precipi- 
tation, frequency of drought, and fresh water input; 
salinity intrusion; accelerated sea-level rise; ocean 
acidification (Waldbusser et al. 2011) and increase 
in strong storm frequency and strength. Climate 
change induces uncertainties in the environmental 
stability of critical coastal habitats and their economic 
development. Current and future ICZM must take 
climate change into consideration as one of the most 
important forces impacting coastal systems (Day and 
Templet, 1989; Twilley et al., 2001; Scavia et al., 2002; 
Day et al., 2005, 2008, 2012; Pott et al., 2002; Ning 
et al., 2003; Viles and Goudie, 2003). 

There is increasing evidence that world conven- 
tional oil production has already peaked and that 
total oil production (all-liquids) will peak within a 
decade (Fig. 19.2), implying that demand will con- 
sistently exceed supply and that energy cost will 
increase significantly (Campbell and Laherrere, 1998; 
Deffeyes, 2001-2010; Hall et al., 2003; Hall and Day, 
2009; Heinberg, 2003; Association for the Study of 
Peak Oil, 2008). Global production increased expo- 
nentially until about 1970, but the rate of increase 
has declined since. Production is now three to four 




FIGURE 19.1 Environmental sustainability and the economic development of the coastal zone, indicating the importance of 
ecosystem feedback to sustainability, the economic value of ecosystems and resources, support for management decisions, 
and sustainable development perspective as a function of ecological integrity measures such as habitat quality, water quality, 
biodiversity, and ecological functions. Source'. Modified from Yanez-Arancibia et al. (2009a). 
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FIGURE 19.2 Worldwide oil discovery and consumption froml930 until the present, and projected future discoveries. Most 
of fhe major discoveries were made before 1980. The present world consumption is four fo five barrels for each barrel 
discovered, with most of the production coming from fields discovered three to four decades ago. Source: Printed with 
permission from fhe Association for fhe Study of Peak Oil (ASPO 2008). 



times the discovery rate, and current production is 
mostly from giant and supergiant fields discovered 
30-40 years before 1960 (Skrebowski, 2004). Of fhese, 
roughly a quarfer are declining in producfion af an 
average rafe of abouf 4% annually. Also, world oil 
demand is increasing, especially in China and India. 

An imporfanf facfor fhaf affecfs consideration of 
energy use is fhe nef yield of energy in a producfion 
process, or of fhe energy refum on invesfmenf (EROI). 
EROI of convenfional world oil producfion was as 
high as 100 : 1, buf over fhe infervening decades, if 
fell fo befween 15 : 1 and 10 : 1 for producing fields 
(Cleveland ef al., 1984; Hall ef al., 1986; Hall and 
Day, 2009; Murphy and Hall, 2011). Thus, if is cosfing 
more energefically fo find and produce oil. The EROI 
for nonconvenfional sources of oil (oil shale and oil 
sands) and mosf renewable energy sources are all less 
fhan 15:1, and mosf are far less fhan 10:1 (Heinberg, 
2003; Hall and Day, 2009; Bardi, 2011). The implication 
for coasfal managemenf, and for all nafural resource 
managemenf, is fhaf energy infensive managemenf 
approaches will become increasingly unaffordable 
(Day ef al., 2005, 2009). Thus, as climafe change makes 
managemenf increasingly more challenging, energy 
scarcify will make if more expensive and limif options. 

19.6.3 Ecological Engineering 
and Ecological Economics 

In a time of energy scarcify, we suggesf fhaf 
ecofechnology, and more specifically ecological engi- 
neering, are appropriafe bases for susfainable coasfal 



managemenf. Ecological engineering is fhe design of 
susfainable ecosysfems fhaf infegrafe human sociefy 
wifh fhe nafural environmenf for fhe benefif of 
bofh (Mifsch and Jorgensen, 2004). Because if uses 
mainly nafural energies, if is very energy efficienf. 
The primary fools are self-designing ecosysfems 
wifh fhe componenfs mosfly biological species and 
processes. Ecological engineering is differenf from 
environmenfal engineering fhaf includes fhings 
such as convenfional sewage freafmenf. The goals 
of ecological engineering are (i) fhe resforafion of 
ecosysfems fhaf have been subsfanfially disfurbed 
by humans, (ii) fhe developmenf of new susfainable 
ecosysfems fhaf have bofh human and ecological 
value, and (iii) fhe maximizafion of use of nafural 
energy and reduction of fossil energy consumption. 

Self-design and (fhe relafed concepf) self- 
organizafion are imporfanf properfies of creafed 
and restored ecosysfems (Mifsch and Jorgensen, 
2004). Self-organization is fhe properfy of sysfems 
fo reorganize fhemselves in environmenfs fhaf 
are inherenfly unsfable and nonhomogeneous. 
Organizafion is nof derived from oufside forces buf 
from wifhin fhe system. Self-design is imporfanf in 
fimes of scarcify, because ecologically engineered 
ecosysfems fend fo fake care of fhemselves and are 
less energy demanding. Self-organization develops 
flexible nefworks wifh a much higher pofenfial for 
adapfafion. Implicif in ecological engineering and 
self-design is fhe facf fhaf fhe functioning of fhe 
nafural sysfems should form fhe basis for susfainable 
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management; working with nature rather than 
against it is inherently more energy efficient. 

19.6.4 System Functioning as a Basis 
for Sustainable Management 

Throughout this book, various authors have empha- 
sized the variability of esfuarine sysfems, and fhis 
variabilify is cenfral fo fhe funcfioning of fhese sys- 
fems. A key concepf of ICZM is fhat susfainable 
managemenf will be mosf successful when if is based 
on ecosysfem funcfioning (Day ef al., 1997; Ydnez- 
Arancibia ef al., 2011, 2012; Yanez-Arancibia and Day, 
2012). This means fhaf managemenf activities should 
infegrafe ecosysfem funcfioning and, insofar as possi- 
ble, allow fhe sysfem fo self-design and self-regulafe 
nafurally (Day ef al., 1997; Mifsch and Jorgensen, 
2004). Two imporfanf concepfs fhaf are especially 
pertinent to lower river floodplains and coasfal areas 
are fhe flood pulse concepf for lower rivers and fheir 
flood plains 0unk, 1999; Junk ef al., 1989) and fhe 
pulsing concepf for coasfal sysfems, as exemplified 
for the Mississippi river basin and delta (Day et al., 
1997), Apalachicola Bay (Livingston, 2000), and the 
land-ocean interactions in the Mexican Gulf coasf 
(Ydhez-Arancibia ef al., 2004, 2007). 

The flood pulse concepf considers fhe impor- 
fance of hydrology and hydrochemisfry of fhe river 
ifself buf focuses on fhe exchange of wafer, nufrienfs, 
and organisms befween fhe river and fhe cormecfed 
floodplain 0unk ef al., 1989; Junk, 1999). Periodic 
inundafion is fhe driving force in a river-floodplain 
ecosysfem. The pulsing concepf sfafes fhaf coasfal 
sysfems and delfas are sfrucfured and susfained by 
a hierarchical series of overlapping energetic forcing 
or pulsing evenfs fhaf vary on spatial and temporal 
scales. Ecologists, climatologists, and geomorpholo- 
gists have identified a range of different modes of 
pulsing, which seem to be essential components of 
fhe behavior of coasfal sysfems. These evenfs range 
from switching of river charmels in delfas fhaf fakes 
place on fhe order of 500-1000 years fo daily tides 
and includes greaf floods fhaf occur a few fimes a cen- 
fury, sfrong storms such as hurricanes occurring on 
decadal scales, armual river floods, and fronfal pas- 
sages (Day ef al., 1995, 1997, 2003; Viles and Goudie, 
2003; Ydhez-Arancibia ef al., 2004, 2007). 

19.6.5 Environmental Sustainability and 
Socioeconomic Development 

The success of susfainable economic developmenf of 
fhe coasfal zone depends on a balanced approach for 
developmenf fhaf does nof compromise fhe infegrify 
of fhe coasfal marine environmenf. Elemenfs for fhis 



approach musf include avoiding ecological dete- 
rioration, characterizing sustainable development, 
quantifying ecological and environmental damage, 
developing and refining mefhods fo determine 
environmenfal qualify, quantifying ecological func- 
tions, and economic valuation of nafural resources 
(Yahez-Arancibia ef al., 2009). Anofher imporfant 
criterion fo consider is fhe infrinsic economic value 
of coasfal resources. These resources represent a 
"natural capital" that supports the economic health 
of fhe sociefy. The goods and services provided by fhe 
nafural capifal represenf fhe "interesf" generafed by 
human invesfmenf in nafural ecosysfems (Cosfanza 
ef al., 1997; Ydhez-Arancibia, 1999). These values 
can be enormous. Eor example, Bafker ef al. (2010) 
reporfed fhaf fhe value of ecosysfem services for 
fhe Mississippi delfa ranged from $12 billion fo 
$47 billion armually wifh a nafural capifal assef 
value of $330 billion fo $1.4 frillion. Environmenfal 
susfainabilify and fhe economic developmenf of fhe 
coasfal zone are closely related wifh fhe economic 
value of ecosysfems and resources; fhis is key fo 
supporf managemenf decisions (Eig. 19.1). The 
susfainable developmenf perspecfive as a funcfion so 
ecological infegrify requires fhaf measures such as 
habifaf qualify, wafer qualify, biodiversify, nafural 
production mechanisms, and ecological functions 
need fo be infegrafed in any concepfual model 
toward infegrafing healfhy ecology wifh a healfhy 
economy (Yanez-Arancibia ef al., 2009). Social and 
economic development pressure in many coastal 
areas may be reaching a threshold where there could 
be a dramatic crisis in environmental sustainability 
in the near future. 



19.7 CONCLUSIONS 



In the chapter, we have discussed impacts indi- 
vidually so as to indicate clearly their causes and 
consequences. It should be clear at this point that 
there are serious problems in many, if nof mosf, 
coasfal sysfems. These problems are almosf always 
due fo mulfiple sfresses. The ecological damage in 
many sysfems is sfaggering, and if sfeps are nof 
faken, more ecological resources wifh considerable 
economic value will be losf. To effectively address 
these multiple stresses, an integrated approach is 
needed. The ICZM is such an approach. We finish 
fhis chapfer wifh a few examples of coasfal sysfems 
wifh mulfiple sfresses. 

Nichols ef al. (1986) provide an excellenf sum- 
mary of changes in fhe San Erancisco Bay esfuary. 
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Extensive hydraulic mining in the drainage basin in 
the second half of pasf cenfury greafly alfered sfreams 
feeding info fhe bay sysfem and deposifed consider- 
able sedimenfs in fhe bay. Of fhe original 2200 km^ 
of fidal marsh, only abouf 125 km^ of undiked marsh 
remains af presenf. Owing fo exfensive use of fresh- 
wafer for irrigafion and domestic consumpfion, fresh 
wafer inflow fo fhe bay sysfem has been reduced by 
abouf 60%. This disrupfion of flow has affecfed migra- 
f ory fish populations . Considerable numbers of young 
fish are drawn info irrigafion pumps and siphons, 
and fhe abundance of sfriped bass, for example, has 
declined fo 25% of fhaf of fhe mid-1960s. Wasfes from 
indusfry, municipalifies, and agriculfure flow info 
fhe bay and hisforical fishery levels have declined. 
Managemenf of fhis sysfem includes dealing wifh 
foxins, restoring freshwater inflows, and creating or 
resforing wef lands. 

Dafa presenfed for fhe Mississippi Delfa, fhe 
Chesapeake Bay, and fhe Ebro delfa show similar 
impacfs. In fhese areas, fhere have been large reduc- 
tions in habifaf, widespread eufrophicafion, pollution 
by toxic materials, and decreases in fisheries. Eor 
example, large areas of coasfal weflands in fhese 
fhree areas have been losf and fhere have been sig- 
nificanf reducfions of submerged aquafic vegefafion 
in fhe Chesapeake Bay. Unforfunafely, fhis picfure of 
pervasive alferafion of fhe esfuarine environmenf is 
all too common around fhe world. Alfhough fhere 
is much concern and acfivify, fhe sifuafion may nof 
be improving much, and in fhe developing world, 
fhe pace of degradation seems fo be accelerafing. 
In fhe developing world, however, environmenfal 
profecfion is viewed as a luxury, even fhough many 
more people fhere depend on esfuaries for fheir direcf 
economic well-being. Globally esfuaries are preferred 
sifes for human habifafion, and hence are very heavily 
impacfed. There is as yef no general plan for allevi- 
afing fhese problems and conserving fhese imporfanf 
resources. There is much for fhe readers of fhis book 
fo do. 
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GLOBAL CLIMATE CHANGE AND 
ESTUARINE SYSTEMS 



John M. Rybczyk, John W. Day Jr., Alejandro Yahez-Arancibia, and 
James H. Cowan Jr. 



It is interesting to note that practically all of the estuaries discussed in this book did not exist 10,000-15,000 years 
ago and that they will cease to exist in the near geologic future. The world's present estuaries were formed when sea 
level rose after the last glaciation 

(Day et al., 1989) 



20.1 INTRODUCTION 



It is ironic that the very process that led to the 
formation of modem esfuaries, sea level rise (SLR), 
may now confribufe fo fheir rapid demise. Indeed 
of all of fhe manifesfafions of climafe change and 
global warming, none have captured the imagination 
as much as the specter of increasing rates of SLR. 
Perhaps this is because we have already witnessed 
the effects that high rates of relative SLR (SLR + land 
subsidence) have had on coastal cities such as Venice, 
Italy and New Orleans, Louisiana. Or perhaps it is 
just that it is easier for us fo imagine fhe dramatic 
effects of coasfal flooding on human infrasfructure 
as opposed fo fhe more subfle, but no less troubling 
effects of increased afmospheric carbon dioxide 
on ocean acidificafion or reducfions in freshwafer 
inpuf on estuarine productivity, for example. SLR, 
however, is only one of many processes influenced by 
climafe change fhaf could affecf estuaries. Pritchard 



(1967) defined an esfuary as "a semienclosed body 
of water which has a free connection with the open 
sea and within which sea water is measurably 
diluted with freshwater derived from land drainage" 
(Chapfers 1 and 2). Embodied wifhin this definition is 
the fact that estuaries are expressions of interacfions 
among land, river, and ocean processes. Therefore, 
any change in eifher fhe ocean or fhe watershed of 
fhe estuary due to climate change has the potential 
to affect estuaries. Also, climate change is currently 
affecting both the oceans (i.e., rising sea level) and 
watersheds (i.e., changes in freshwater runoff). In 
fhe first edition of Esfuarine Ecology, climate change 
was a minor topic. But in the ensuing two decades, 
climate-change impacts on coastal ecosystems have 
become a major topic of research and policy. In this 
chapter, we review the evidence for climafe change 
and fufure climafe-change predicfions, and fhe poten- 
tial impacts that this change will have on estuarine 
ecosystems. 



Estuarine Ecology, Second Edition. Edited by John W. Day, Jr., Byron C. Crump, W. Michael Kemp, and Alejandro Ydnez-Arancibia. 
© 2013 Wiley-Blackwell. Published 2013 by John Wiley & Sons, Inc. 



497 



498 I CHAPTER TWENTY | Global Climate Change and Estuarine Systems 



20.2 CLIMATE CHANGE: HISTORY 
AND PROJECTIONS 



Changing climate and its potential impact on the 
biosphere and society have long been a topic of dis- 
cussion. For example, it has been noted for decades 
fhaf CO 2 levels in fhe afmosphere and global mean 
femperafures have been rising (Fig. 20.1a,b). Because 
of fhese concerns, fhe Infergovemmenfal Panel on Cli- 
mafe Change (IPCC) was esfablished in 1988 by fhe 
World Mefeorological Organization and the United 
Nations Environment Programme. The goal of fhe 
IPCC was fo objecfively S 5 mfhesize a growing body 
of fhe technical climate-change literature into a for- 
mat that was accessible to policymakers and scientists 
across disciplines. The panel consists of fhree "work- 
ing groups" fhaf assess, respectively, (i) fhe scienfific 
aspecfs of climafe change, (ii) fhe effecfs of climafe 
change on socioeconomic and nafural sysfems, and 
(iii) fhe options for reducing greenhouse gases and 
mifigafing fhe effecfs of climafe change. The IPCC 
produces a variefy of special reporfs and fechnical 
papers, buf fhe mosf anficipafed and widely read pub- 
lications are fhe comprehensive Assessmenf Reporfs 
published in 1990, 1996, 2001, and 2007. These peer- 
reviewed reporfs, fhe producf of hundreds of experfs 
from all fhree working groups, assess and S 5 mfhesize 
the current scientific and socioeconomic liferafure 
concerning climafe change. Affer years of considera- 
fion and analysis, fhe IPCC, in fheir 2007 assessment 
report, issued their strongest statement to date: 

Warming of the climate system is unequivocal, 
as is now evident from observations of increases 
in global average air and ocean temperatures, 
widespread melting of snow and ice, and rising 
global average sea level. 

Most of the observed increase in global average 
temperatures since the mid-twentieth century is 
very likely due to the observed increase in anthro- 
pogenic greenhouse gas concentrations. 

In the next section, climate predictions by the 
IPCC and other studies are summarized. 

20.2.1 Temperature 

The IPCC predicts that, as atmospheric greenhouse 
gas concentrations increase (Fig. 20.1a), global tem- 
peratures will rise from 1 fo 5 °C during fhe fwenfy- 
firsf cenfury. This compares fo a rise of abouf 1 ° in 
the twentieth century (Fig. 20.1b). By comparison, 
the mean global temperature increased by about 6 °C 



Atmospheric CO2 at mauna loa observatory 




FIGURE 20.1 (a) Atmospheric carbon dioxide concentra- 

tions from Muana Loa, Hawaii as first measured by David 
Keeling starting in 1958. (Graph courtesy of Dr. Pieter Tans, 
NOAA/ESRL, www.esrl.noaa.gov/ gmd/ ccgg/ trends.) (b) 
Global mean surface temperature change over the past cen- 
tury (Hansen et al., 2001; Reynolds and Smith, 1994; Rayner 
et al, 2003). 

from fhe heighf of fhe ice age 15,000 years ago fo 
abouf 5000 years ago when fhe oceans approached 
fheir presenf level. Thus, human acfivify may lead 
to a temperature increase of a similar magnifude in 
one cenfury. Temperafure direcfly affecfs many vital 
life processes, and a change in the thermal regime 
(extreme temperatures, their duration and seasonal 
rates of femperafure change) can direcfly regulafe 
rafes of growfh, reproducfion, and migrafory paf- 
tems of many species. Increasing temperature will 
also lead to changes in precipitation patterns and 
an acceleration of SLR and will likely affecf fropical 
sform acfivify. 

20.2.2 Sea Level Rise (Eustatic 
and Relative) 

Sea level, as if appears fo an ecologisf sfanding in an 
esfuarine wefland or fo an individual Spartina plan! 



Climate Change: History and Projections | 499 



TABLE 20.1 SLR and estimated contributions from 
different sources (after IPCC, 2007) 



Rate of SLR (mm/year) 
1961-2003 1993-2003 



Actual observed 
rate of SLR 
• Estimated 


1.8 ±0.5 


3.1 ±0.7 


contribution from 






sources 






• Thermal 


0.42 ±0.12 


1.6±0.5 


expansion 
• Glaciers and ice 


0.50 ±0.18 


0.77 ±0.22 


caps 

• Greenland ice 


0.05 ±0.12 


0.21 ±0.07 


sheet 

• Antarctic ice sheet 


0.14 ±0.41 


0.21 ±0.7 


• Sum of estimated 


1.1 ±0.5 


2.8 ±0.7 


contribtions^ 







Abbreviation: SLR, sea level rise. 

^The sum of estimated contributions derived from various 
sources and methodologies do not necessarily add up to the 
actual observed rate of SLR. 



growing in that wetland, is a function of bofh fhe 
volume of wafer in fhe ocean (fhe eusfafic sea level) 
and fhe verfical displacemenf of fhe land surface due 
fo processes such as subsidence or accretion (Rybczyk 
and Callaway, 2009; Nuffle ef al., 1997). The apparenf 
SLR in an esfuary fhaf resulfs from bofh eusfafic sea 
level rise (ESLR) and verfical land displacemenf is 
referred fo as relative sea level rise (RSLR). 



Eusfafic sea levels rise and fall as a function 
of long-ferm climafe variation. During cold periods, 
wafer is locked up in land-based glaciers and ice caps, 
and sea levels are relatively low. Eor example, during 
fhe lasf glacial maximum, which ended approxi- 
mafely 18,000 years ago, sea levels were more fhan 
100 m below currenf levels (Valiela, 2006) and have 
been rising ever since (Chapfer 2). In addition, under 
a regime of global warming, fhe volume of wafer in 
fhe ocean expands as fhe ocean ifself warms. Cur- 
renfly, a little more fhan half of fhe observed ESLR is 
due fo fhis fhermal expansion (Table 20.1). 

Recenf observations have revealed an ESLR rafe 
of 1.8 mm /year for fhe period 1961-2003, and a rafe 
of 3.1 mm/year for fhe period 1993-2003, compared 
fo fhe background rafe of 1-2 mm /year for fhe nine- 
feenfh and early fwenfiefh cenfury (Eig. 20.2; Meehl 
ef al., 2007). Alfhough if is generally agreed fhaf fhe 
rafe of ESLR will increase in fhe fufure, predicfmg 
fhe exacf fufure rafe of SLR is uncerfain because if 
is a function of numerous complex processes, bofh 
physical (e.g., fhe fhermal expansion of wafer and 
fhe melfing of glaciers and ice caps) and political 
(e.g., fufure carbon emissions; Eig. 20.3; Rybczyk and 
Callaway, 2009). 

The IPCC (Meehl ef al., 2007) predicfs fhaf sea 
level will rise by 18-59 cm by fhe end of fhe fwenfy- 
firsf cenfury, wifh a besf esfimafe of abouf 40 cm 
(Eig. 20.4). However, many feel fhaf fhis esfimafe 
is conservative. Eor example, fhe observed rafe of 




FIGURE 20.2 Annual averages of global mean sea level from the IPCC (2007). The red data are updated from Church and 
White (2006), the blue data are from Holgate and Woodworth (2004), and the gray curve is based on satellite altimetry form 
Leuliette et al. (2004). Error bars show the 90% confidence limits. Zero represents the 1961-1990 averages for red and blue 
data (Fitzgerald et al., 2008, with permission). 
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FIGURE 20.3 Human and physical dimensions to predict- 
ing future rates of sea level rise. 



ESLR from 1993 to 2003 has already exceeded the 
lower limit predicted by the fourth IPCC assessment. 
A number of recent studies suggest that ESLR will 
likely be a meter or more (Rahmstorf, 2007; Pfeffer 
et al., 2008; Rohling et al., 2008; Mitrovica et al., 2009; 
Vermeer and Rahmstorf, 2009). These conclusions 



are based on temperature-SLR relationships in the 
twentieth century and a better understanding of ice 
sheet d 5 mamics in a warming world. Most glaciers 
have retreated significantly in the twentieth century. 

RSLR is the combination of ESLR and subsidence. 
Where fhere are high rafes of subsidence, RSLR can 
be much greafer fhan ESLR. High rafes of geological 
subsidence commonly occur in delfas because of com- 
paction, consolidation, and dewafering of sedimenfs. 
Compared fo ESLR of 1-2 mm/year for fhe fwenfiefh 
cenfury, RSLR for fhe Mississippi delfa was in excess 
of 10 mm/year (Baumann ef al., 1984; Day ef al., 2007). 
RSLR in fhe Nile delfa region is as high as 5 mm / year 
(Sfanley, 1988; Milliman ef al., 1984) and is befween 
2 and 6 mm/year for fhe Rhone and Ebro delfas 
(Sesfini, 1992; Ibanez ef al., 1996; Ponf ef al., 2002). 
Humans have accelerafed RSLR by drainage and 
wifhdrawal of wafer, oil, and gas (Sesfini, 1992; Mor- 
ion ef al., 2002; Ko and Day, 2004). An undersfanding 
of vegefafion response in areas wifh high RSLR can 
provide insighfs info fhe effecfs of accelerafed ESLR 



Global average sea level rise (1990 ■ 2100) 

Sea level rise (metres) for the six SRES Scenarios 




FIGURE 20.4 Predicted global mean sea level rise through 2100 (Meehl et al., 2007). 
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in the future (Stanley, 1988; Day and Templet, 1989; 
Stevenson et al., 1985; Day et al., 1997, 2005, 2007; 
Pont et al., 2002). What are the limits to accretion of 
coasfal weflands and how may human acfivifies affecf 
fhis accretion? This question is addressed in a lafer 
section. 

As an aside, in any discussion of wefland ele- 
vafion relafive fo sea level, fhere is offen ambiguify 
regarding fhe ferminology ifself. The ferm SLR alone 
is ambiguous as if could refer fo fhe absolufe rise in sea 
level (i.e., ESLR), or fhe apparenf rise caused by bofh 
ESLR and land subsidence. Similarly, land subsidence 
could include deep geologic subsidence, shallow sub- 
sidence caused by compacfion and organic matter 
decomposifion, or bofh. The ferms used in fhis chapfer 
are defined in Table 20.2. 

20.2.3 Changes in Storm Frequency 
and Intensity 

Increasing warming of surface wafers of fhe oceans 
suggesfs fhaf fhere may be an increase in fhe fre- 
quency of fropical cyclones and hurricanes (Raper, 
1993; Walsh, 2004), buf fhere has been much uncer- 
fainfy in such predictions (Henderson-Sellers ef al., 
1998; Wigley, 1999). Recenf reporfs, however, have 
drawn sfronger conclusions concerning sforms and 
climafe change. Emanuel (2005) reporfed fhaf sea sur- 
face femperafures in fhe fropics increased by abouf 
1 ° C over fhe pasf half cenfury, and during fhe same 
period, fofal hurricane infensify or power increased 
by abouf 80%. This increase in infensify was due bofh 
fo more powerful sforms and fo an increased dura- 
tion of fhese sforms. Websfer ef al. (2005) reporfed 
an increase in fhe number of cafegory 4 and 5 sforms 
over fhe pasf several decades. If has been argued 



fhaf fhese increases in storm infensify, sfrengfh, and 
durafion are nof linked fo climafe change buf are due 
fo decadal cycles in fropical storm acfivify. Hoyos 
ef al. (2006), however, analyzed facfors confribuf- 
ing fo hurricane infensify and concluded fhaf fhe 
increasing numbers of cafegory 4 and 5 hurricanes 
for fhe period 1970-2004 was direcfly linked fo fhe 
increase in sea surface femperafures. Eisner ef al. 
(2008) also concluded fhaf fhere was an increasing 
infensify of fhe sfrongesf fropical sforms. Regardless 
of whefher fhe recenf infensificafion of hurricanes is 
due fo climafe change or is parf of a decades-long 
cycle, if is likely fhaf fhere will be more and sfronger 
hurricanes in fhe coming decades and fhis will infer- 
acf wifh ofher climafe forcings fo impacf esfuarine 
ecosysfems. Changes in fhe infensify and frequency 
of sforms can have a variefy of impacfs, especially on 
coasfal weflands, as ouflined below. 

20.2.4 Freshwater Input, Sediment 
Transport, and Nutrient Delivery 

Changes in precipifafion patterns will resulf in 
changes in freshwafer flow fo fhe coasfal zone. In 
general, IPCC climafe models predicf fhaf precipi- 
fafion will increase in fhe moisf fropics close fo fhe 
Equafor, decrease in subfropics and mid-lafifudes, 
and increase af higher levels (Eig. 20.5a). These 
changes in precipifafion will lead fo changes in fresh- 
wafer runoff (Eig. 20.5b). Changes in precipifafion are 
sfrongly sife specific and highly variable, buf some 
model resulfs indicate fhaf fhe Mediferranean and 
Mid Easf, soufhern Africa, large parfs of Ausfralia, 
and much of fhe US soufhwesf and norfhwesf Mexico 
will experience much lower freshwafer runoff. There 
is uncerfainfy in fhese predicfions, buf fhere is no 



TABLE 20.2 Definition of terms associated with the measurement of relative sea level 



Term 


Definition 


Accretion 


Surface vertical accumulation of mineral and organic sediment, usually over some marker 
horizon. May also Integrate processes occurring on and within the upper part of the 
marsh substrate (e.g., root growth)® 


Shallow subsidence 


Primary compaction, decomposition, and dewatering that occur in upper sediments (up 
tolO m)® 


Deep subsidence 


Deep primary compaction, secondary compaction, and other processes such as geosynclinic 
downwarping and tectonic activity® 


Eustatic sea level rise 


Global sea level rise caused by changes in the volumes of glaciers and ice caps and by water 
density/temperature-dependent relationships ® 


Relative sea level rise 


Long-term, absolute, vertical relationship between the land and water surface. On the 
marsh surface, RSLR should be calculated as ESLR -I- deep subsidence -I- shallow 
subsidence. However, RSLR measured using tidal gauge records represents only 
ESLR + deep subsidence 


Net accretion balance 


= Accretion - shallow subsidence — deep subsidence — ESLR or = Accretion — RLSR 



Abbreviations: ESLR, eustatic sea level rise; RSLR, relative sea level rise. 
■^Gaboon et al. (1995). 
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FIGURE 20.5 (a) IPCC expected climate-change impacts on rainfall by the end of the century (blue denotes relative increase 

and red denotes relative decrease), (b) Expected climate change impacts on water nmoff by the end of the century (Meehl 
et aC 2007). 



doubt that they will impact estuarine ecosystems. 
These changes will bring about respective decreases 
and increases in sediment and nutrient input to 
estuaries. The degree to which these alterations in 
supply are affected depends on both the degree 
to which humans control the flow of water to the 
coast and our management of land and waters. An 
interesting example of the complexity of this issue 
is the Mississippi River and delta. The IPCC models 
suggest that there may be lower local freshwater 
runoff along the northern coast of the Gulf of Mexico. 
However, over 90% of Mississippi discharge is 
derived from the upper Midwest and Ohio basins. 



Some models predict that river discharge will 
increase by up to 40% by 2100 (i.e.. Day et al., 2005). 
This will complicate management of the Mississippi 
delta. But it is possible that extra-Mississippi flow 
can be used to offset periodic droughts in the 
delta. A similar situation exists for the north central 
Mediterranean. The Mediterranean is expected to 
dry but the Rhone River may increase in discharge 
since much of its flow is derived from the central part 
of France where rainfall is predicted to increase or 
remain about the same. 

Table 20.3 summarizes observed and predicted 
indicators of climate change that likely strongly 
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BOX 20.1 The effects of climate change on estuarine dependent species: pacific northwest salmonids: 
a case study 

Salmon are certainly a cultural and economic icon of the Pacific Norfhwesf (PNW). Historic spawning runs 
in the Columbia River, for example, once numbered in fhe millions (Fig. 20.6). Unforfunafely, overfishing, 
pollution, habifaf modification and toss, and dam consfrucfion over fhe pasf 150 years have greatly reduced 
salmon population in the PNW (Meengs and Lackey, 2005). The Environmental Protection Agency (EPA) 
currently lists nine genetically distinct stocks of Chinook Salmon on fhe Wesf coasf as eifher fhreafened or 
endangered. 




FIGURE 20.6 Salmon at a Seattle, WA cannery around 1900. Some studies suggest that climate change will further reduce 
already decimated populations (University of Washington Libraries, Special Collections, Negative #A. Curtis 27678). 



In general, there are six recognized salmon species in the PNW; Chinook {Oncorhynchus tshawytscha), 
Chum {Oncorhynchus keta), Coho {Oncorhynchus kisutch), Pink {Oncorhynchus gorbuscha), Sockeye 
{Oncorhynchus nerka), and Steelhead Trout {Oncorhynchus mykiss). Because they are anadromous (they return 
to freshwater streams and rivers to spawn after spending their adult life in fhe ocean; Pig. 20.7), any change 
in freshwafer sfream flow, esfuarine habifaf, or ocean condifions, due fo climafe change has fhe pofenfial to 
negatively affect population levels. 

All salmon species use estuaries to some extent for migration, adulf residence, or juvenile rearing 
(Williams and Thom, 2001), none more so fhan fhe Chinook, which may spend up fo 6 monfhs in esfuaries 
as juveniles. Indeed, recenf sfudies have linked fhe survival of Chinook salmon, at least, to pristine estuarine 
habitat in the PNW (Magnusson and Hilborn, 2003). Any toss of esfuarine habifaf due fo SLR (Secfion 20.3.2) 
then has the potential to reduce population levels. Por example. Hood (2005) estimated that, for an SLR of 
45 cm, juvenile Chinook salmon in fhe Skagif River Delfa, fhe largesf river flowing info fhe Pugef Sound, 
would decline by 211,000 fish because of habifaf loss. Rising sea levels could also inundafe esfuarine and 
beach spawning habifaf for fhe forage fish on which salmon depend (Click ef al., 2007). 

Pinally, many salmon sfreams in fhe PNW are dependenf on a winter snowpack in fhe mounfains fo 
provide adequafe flow in fhe summer. Regional climafe-change models predicf more winter precipifafion 
will fall as rain and less as snow for fhe PNW, leading fo reduced winter snowpack, lower summer sfream 
flows fhat are dependent on that snowpack, higher summer temperature under a low summer flow regime, 
and increased fall and winter flooding. All of fhese scenarios have fhe pofential fo negatively affecf salmon 
population (Pig. 20.7). 
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FIGURE 20.7 Sea level rise due to climate change can directly affect salmon populations by reducing critical estuarine 
habitat. In addition, the red boxes explain how changes in stream temperature and flow may also affect salmon during 
various phases of their life cycle. Source: Casola et al. (2005), modified from Wilderness Society (1993). 



impact estuarine ecosystems. In the second part of this 
chapter, these climate impacts on estuarine ecosys- 
tems are discussed. 



20.3 EFFECTS OF CLIMATE 
CHANGE ON ESTUARINE 
ECOSYSTEMS 



What then are the impacts to estuaries of these cur- 
rent and predicted changes in climate? These are 
addressed in the following sections. 

20.3.1 Temperature 

Strong geographic gradients in temperature exist 
from the tropics to the poles. Many species, such 



as mangroves, have thermal niches that allow them 
to inhabit only portions of these temperature gra- 
dients. Correspondingly, climate-induced changes in 
regional temperature regimes will almost certainly 
induce a wide range of ecological responses, rang- 
ing from local extinction of individual species and 
changes in biodiversity to changes in the rates of 
ecosystem processes, such as primary production 
and bacterially mediated decomposition. Net primary 
production of some estuarine species, the sea grass 
Zostera marina, for example, may decrease as leaf 
respiration rates increase more rapidly than photo- 
s 5 mthesis rates with increasing temperature (Short 
and Neckles, 1999). Many species will shift their 
geographic ranges to the north. One of the most 
interesting areas to study the effects of temperature is 
the tropical -temperate interface. In the Gulf of Mex- 
ico, for example, much of the northern Gulf has been 
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TABLE 20.3 Some indicators of climate change that could affect estuarine systems 



Selected 

Indicator^ 


Observed Changes 
in the Twentieth Century 


Predicted Changes 
in the Twenty-First Century 


Atmospheric 


Increased from 280 ppm for the period 


Projected concentrations range from 490 


concentration of 
rn 


1000-1750 to 379 ppm in year 2005^ 


to 1250 ppm by the year 2100* 


Global mean surface 


Increased by 0.74 ± 0.2 ° C for the period 


For the next two decades (2007-2027), a 


temperature 


1906-2005^ 


warming of 0.2° C is projected® 


Continental 


Increased by 5-10% over the twentieth 


Globally, an increase of 5-20% during the 


precipitation 


century in the Northern Hemisphere, 
although decreases were observed in 
some regions^ 


twenty-first century although, 
regionally, there will be both increases 
and decreases. Larger year-to-year 
annual variation® 


Heavy precipitation 


Frequency of events increased over most 


More intense precipitation events are very 


events 


land areas^ 


likely (90% probability of occurrence).® 


Frequency and 


More intense and longer droughts over 


Areas affected by drought likely to 


severity of 


wider areas since the 1970s, especially in 


increase and be concentrated in 


drought 


the tropics and subtropics^ 


mid-latitudes® 


Global mean sea 


Total twentieth century rise of 


A rise of 0.18-0.59 m by 2099. These 


level 


0.17 mm/year (0.17 m), with an observed 
increase in this rate to 3.1 mm/year since 
1993® 


projections do not include a possible 
future increase in the rate of ice flow 
from Greenland and Antarctica.® Recent 
studies suggest a meter of more rise 


Snow cover 


Decreased in area by 10% since global 
observations became available In the 
1960s.'> 


Continued decrease in winter snowpack® 


El Nino events 


Became more frequent, persistent, and 
intense during the past 20-30 years 
(1970-2000) compared to the previous 
100 years* 


Many models predict an increase in El 
Nino events* 


Nonpolar glaciers 


Widespread retreat during the twentieth 
century® 


Continued retreat over the next 100 years* 


Tropical and 
extratropical 
cyclone activity 


Likely increase in activity since 1970® 


Likely increase in intensity (wind speed 
and precipitation)® 



■^IPPC summary for policymakers report (2007). 
*IPPC summary for policymakers report (2001). 



dominated by salt marshes with mangroves occur- 
ring in south Florida, sporadically in the Mississippi 
delta, and from south Texas into the southern Gulf. 
In fhe fwenfy-firsf cenfury, if is highly likely fhaf fhe 
entire coasfal zone of fhe Gulf of Mexico will become 
fropical (Day ef al., 2012a). 

20.3.2 Accelerated Sea Level Rise 

Of all climafe-change-relafed fhreafs fo esfuaries, per- 
furbafions caused by rising sea levels are cerfainly 
fhe mosf obvious and fhe mosf sfudied. Undoubf- 
edly, fhis is because fhe dramatic effecfs of high rafes 
of relafive SLR have already been observed in regions 
such as coasfal Louisiana (Day ef al., 2007) where 
high rafes of land subsidence combined, wifh rising 
eusfafic sea levels, led fo wefland loss rafes of 60 km^ / 
year in fhe 1980s and 1990s (Boesch ef al., 1994; Fig. 
6.13). Indeed, observed and predicfed increases in 



fhe rafe of ESLR have led fo concerns regarding 
fhe resiliency of coasfal weflands worldwide (Reed, 
1995), fhe essenfial questions being: how will esfuar- 
ine habifafs change and can wefland elevation keep 
pace wifh rising sea levels? 

Estuarine wetlands exist in a d 5 mamic equilib- 
rium between the forces fhaf lead fo fheir esfablish- 
menf and mainfenance, such as sedimenf accrefion, 
and fhe forces fhaf lead fo fheir deferiorafion, such 
as increasing rafes of ESLR and subsidence (Day 
ef al., 1999). Ghanges in eifher side of fhe mainfe- 
nance / deferiorafion equafion could lead fo changes 
in fhe inundafion regime, anaerobic sfress levels 
fhroughouf fhe wefland, and shiffs in habifaf f 5 rpes. 

As sea levels rise, esfuarine weflands can 
respond in one of fhree ways. Eirsf, fhey can accrefe 
sedimenfs af a rafe fhaf equals fhe rafe of SLR, 
resulting in no nef change in habifaf area or type. 
Estuarine wetland elevation, relative to sea level, is 
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FIGURE 20.8 Processes that affect wetland elevation relative to sea level rise. Processes shown below the time line decrease 
elevation, whereas those shown above increase elevation. Processes shown in italics are commonly entered as forcing 
functions into existing wetland elevation models. 



a function of numerous processes including mineral 
and organic matter accretion, sediment compaction, 
deep subsidence, and ESLR, all operating at different 
timescales (Fig. 20.8). A number of studies have 
shown that estuarine wetlands can persist for long 
periods of time (thousands of years) in the face of 
rising sea levels when sediment accretion equals or 
exceeds the rate of land subsidence plus ELSR, as is 
the case for most wetlands worldwide under current 
rates of ESLR (Gornitz et al., 1982; Redfield, 1972; 
McCaffrey and Thompson, 1980; Orson et al., 1987; 
Morris et al., 2002; Rybczyk and Gaboon, 2002). 

The rate at which vertical accretion occurs is a 
function of the combination of the inputs of both 
inorganic and organic material to the soil (Fig. 20.8). 
Organic material is mostly derived from the growth 
of plant roots, whereas inorganic material is mostly 
supplied in the form of sediments that come from 
either sea- or freshwater sources. Many rivers flow- 
ing into estuaries now carry only a fraction of the 
inorganic sediment that they did historically because 
of reservoir construction (Po, Ebro, and Nile). For 
example, sediment discharge to the Mississippi delta 
has decreased by at least 50% since 1860 (Kesel, 1989; 



Meade, 1995). Recent work indicates that much of 
the deltaic wetlands will disappear because of the 
combination of RSLR and reduced sediment input 
(Chapter 19). 

Second, estuarine habitat can migrate upslope 
as sea levels rise. At the wetland-upland transition, 
there could be conversion of upland areas to wet- 
lands as wetlands “migrate" inland (Brinson et al., 
1995). However, in many locations, coastal wetlands 
are bordered by development or steep habitats such 
that migration would not be possible (Titus, 1991), 
in which case remaining habitat would be slowly 
"squeezed" out of existence. 

Finally, if wetlands cannot keep pace with rates 
of SLR, an increase in inundation frequency and 
duration could lead to a shift in the distribution 
of vegetated habitats across a wetland (Warren and 
Niering, 1993; Kirwan and Murray, 2008; e.g., shifts 
from areas dominated by Spartina patens to Spartina 
alterniflora). Over longer time periods, these types 
of changes would lead to conversion of more and 
more wetland area to unvegetated mudflats or even 
subtidal open water as happened in the Mississippi 
delta. 
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BOX 20.2 Measuring the processes that affect wetland elevation 

While many coastal wetlands accumulate sediment at a rate that keeps pace with current rates of ESLR, the 
focus of mosf managers presenfly, and especially in fhe fufure, is and will be on fhe loss of relative elevation 
and fhe submergence of tidal weflands due fo increased rafes of ESLR. The pofenfial for coasfal wefland 
submergence has fradifionally been defermined by calculating a nef accretion balance (Table 20.2). This is 
accomplished by comparing rafes of verfical accrefion fo rafes of RSLR (ESLR plus deep subsidence). Rafes of 
accretion are f 5 rpically esfimafed by measuring fhe accumulation of sedimenfs, bofh organic and mineral, over 
some known and dafed marker horizon such as feldspar clay, ^^^Cs or Esfimafes of deep subsidence 

are usually based on long-ferm records from fide gauges fhaf are mounfed on sfable piers, bridges, or pilings 
fhaf exfend fhrough fhe shallow subsidence zone (and fhus do nof include shallow subsidence). A tidal gauge 
record spanning af leasf 18.6 years is required fo facfor ouf variafions because of fhe Moon's nodal cycle 
(Turner, 1991). Typically, mean armual or monfhly wafer levels are regressed againsf time fo yield a rafe of 
RSLR. To esfimafe fhe deep subsidence componenf of RSLR, currenf ELSR is subfracfed from fhe wafer level 
rise recorded from fhe pier-mounfed fide gauge. ESLR is derived from fhe analysis of fide gauge dafa from 
coasfs worldwide fhaf are assumed fo be geologically sfable (Penland and Ramsey, 1990) or, more recently, 
from safellife dafa. 

Recenf research has shown fhaf fhe compaction in fhe upper 5-10 m of sedimenf contribufes a shallow 
componenf fhaf is offen overlooked when calculating RSLR (Cahoon ef al., 1995). This resulfs in an 
underesfimafion of fhe accrefion balance. Shallow subsidence is fhe resulf of primary sedimenf consolidafion 
and fhe decomposition of organic maffer (Table 20.2). If is an especially imporfanf process in coasfal sysfems 
under sfress (e.g., from flooding or salf) where below ground plan! sfrucfures, such as roofs and rhizomes, 
die and decompose, leading fo rapid subsurface collapse (Cahoon ef al., 2003). If is also an active process 
in coasfal sysfems fhaf are rapidly accreting, such as delfas, as surface sedimenfs consolidafe (Day ef al., 
1999). In fhe Mississippi River delfa, for example, high rafes of RSLR in fhe coasfal marshes have lead fo 
increasingly long periods of flooding, plan! mortalify, and rafes of shallow subsidence fhaf somefimes exceed 
2.5 cm/year. 

To fhis end, surface elevafion fables (SETs) have been widely used for measuring bofh changes in 
elevation and shallow subsidence in coastal estuaries. 

The SET was introduced from fhe Nefherlands info fhe Unifed Sfafes in fhe early 1990s by Boumans and 
Day (1993) and is now widely used for measuring coasfal wefland elevafion d 5 mamics as if relafes fo SLR 
(Cahoon ef al., 1995). The SET is a porfable leveling device fhaf is attached fo a permanenf benchmark pipe or 
rod driven fo fhe poinf of refusal info fhe marsh sedimenfs (Eig. 20.9) and provides a fixed reference posifion 
from which precise changes in elevafion (wifhin millimefers) can be measured (Cahoon ef al., 2003). Af any 
one poinf in time, fhe disfance from fhe fixed SET fo fhe marsh surface is measured by lowering a sef of pins 
(usually nine) from fhe SET fo fhe marsh surface (Eig. 20.9). Eurfhermore, fhe SET can be rofafed around 
several fixed positions (usually four or eighf) on fhe benchmark pipe or rod, allowing for up fo 9 x 8 precise 
measurements. Repeated measurements, from exacfly the same positions, yield change in elevation over 
time. SETs are especially useful when used simulfaneously wifh feldspar marker horizons, or ofher mefhods 
thaf measure recent sediment accretion, because it allows for fhe esfimation of shallow subsidence (Eig. 20.9). 

However, for several reasons, fhese calculations musf be viewed wifh caution fo defermine accrefion 
balances even if shallow subsidence is considered. Eirsf, shorf-ferm field measuremenf does nof necessarily 
integrafe long-ferm processes fhaf affecf wefland elevafion, such as compaction, decomposifion, and pulsing 
evenfs such as sform-relafed sedimenf deposifion (i.e.. Day ef al., 1999). Even programs fhaf span a decade 
or more may nof capfure infrequenf sedimenf deposifion evenfs from hurricanes or major river floods 
(Rybczyk and Cahoon, 2002). Second, fhese f 5 rpes of measuremenf s may nof fake info accounf possible 
feedback mechanisms on fhe processes fhemselves. Eor example, a change in elevafion f 5 q)ically alfers 
flooding patterns fhaf can, in furn, affecf rafes of sedimenf deposifion, decomposifion, and autogenic 
primary producfion. Over time, these measured rates change in a nonlinear manner. Einally, the direct 
comparison of rafes of elevafion change wifh rafes of RSLR can be problematic because of fhe large amounf of 
uncerfainfy involving measuremenfs of fhe processes affecting marsh elevafion and SLR. Eor fhese reasons, 
a simulafion model fhaf considers all of fhe relevanf processes over appropriafe fimescales, incorporates 
feedback mechanisms, and has mefhodologies for dealing wifh uncerfainfy (i.e., sensifivify analysis) can be 
a complimenfary tool for examining fhe response of wefland elevafion fo increasing rafes of SLR (Day ef al., 
1999; Rybczyk and Cahoon, 2002). 
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FIGURE 20.9 The original surface elevation table shown here being used in conjunction with a feldspar marker horizon. 
When used simultaneously, shallow subsidence can be calculated as change in elevation (as measured by the SET) minus 
accretion (as measured by feldspar marker horizon). Figure courtesy of J. Lynch, USGS. 



SLR during the twenty-first century may strongly 
affect low-lying wetlands, such as the Mississippi 
and other deltas. Deltas are particularly susceptible 
because of their high RSLR rate. In some major deltas, 
subsidence will be as high as predicted ESLR in the 
twenty-first century. In parts of the Mississippi delta, 
for example, RSLR may exceed 2 m by the end of the 
century if ESLR of 1 m or more occurs. Because of 
the high rate of RSLR, deltas serve as models of the 
response of coastal systems generally to ESLR (Day 
and Templet, 1989; Day et al., 1997; Pont et al., 2002). 

SLR has already led to significant geomorpholog- 
ical changes of coastal systems, salinity intrusion in 
estuaries, and loss of associated wetlands around the 
world, including Chesapeake Bay (Stevenson et al., 
1985) and other mid-Atlantic estuaries (Kana et al., 
1986; Hackney and Cleary, 1987), Long Island Sound 
(Clark, 1986), the Mississippi delta (Salinas et al., 
1986; Conner et al., 1989; Day et al., 2000, 2007), the 
Grijalva/ Usumacinta delta in the southern Gulf of 



Mexico (Ortiz-Perez et al., 2010), Rhone (Pont et al., 
2002), Nile and Ganges (Stanley, 1988; Milliman et al., 
1984), Indus(Snedaker, 1984) and Ebro (Ibanez et al., 
1996, 1997; Day et al., 2011) deltas, and Venice Lagoon 
(Pirazzoli, 1987; Sestini, 1992, 1996; Bondesan et al., 
1995; Dayet al., 1999). 

Two important physiological reasons that lead 
to the loss of wetlands are flooding stress because 
of increased flooding duration and salinity stress 
(Mendelssohn and Morris, 2000; Chapter 6). Global 
climate change will likely exacerbate both of these 
stresses. Accelerated SLR will lead to significant 
increases in flooding duration. Por example, Morris 
et al. (2002) developed, and later generalized (Mor- 
ris, 2006), a theoretical feedback model that predicts 
change in salt marsh plant production and elevation 
in response to SLR. Their simulations and field work 
revealed that the optimal rate of SLR maximizes sed- 
iment accretion and productivity and also represents 
the upper limit of flooding tolerance for a given plant 




Effects of Climate Change on Estuarine Ecosystems | 509 



BOX 20.3 Modeling the effects of SLR on coastal systems (Rybczyk and Callaway, 2009) 

Given the complexity of estuarine systems, the timescales involved, and feedbacks befween fhe many 
processes fhaf contribufe fo wefland susfainabilify in the face of SLR, researchers have fumed fo compufer 
modeling fo explore and predicf long-ferm wefland susfainabilify in fhe face of climate change. Over the past 
25 years, a variety of coasfal wefland/ esfuarine models have been developed fo address fhe relationships 
befween climafe change, SLR, and coasfal wefland susfainabilify. They differ in fhe spatial scales fhaf are 
considered and fhe processes fhaf are simulafed wifhin fhe model, as opposed fo processes fhaf are inpuf 
as forcing funcfions or nof considered af all. Forcing function is an independenf inpuf variable fhaf drives 
a model buf is nof modified by fhe model ifself; if is a variable fhaf is nof simulafed. Alfhough fhere is 
overlap, fhese models can be divided info fhree groups: (i) landscape models fhaf simulate processes over 
large regions (i.e., entire estuaries or coastlines), (ii) geomorphic and ecogeomorphic models that simulate 
physical and ecological processes across a marsh platform or fransecf, and (iii) zero-dimensional models fhaf 
simulafe fhe change in elevation at one point rather than across an entire marsh. 

In general, landscape models excel at simulating general trends at large special scales but often do not 
mechanistically simulate the many processes that affect the system (in other words, many of fhe processes 
are inpuf as forcing funcfions and are nof simulafed wifhin fhe model). In one of fhe firsf efforfs of fhis 
fype. Park ef al. (1989) developed a model SLAMM2 (Sea Level Affecting Marsh Model) fhaf was used for 
93 sifes and predicfed changes in land classes based on elevation, erosion, surrounding land fype, accrefion 
rafes, and inundafion. Modified versions of fhe SLAMM model are still used for assessing landscape-scale 
impacf of SLR on coasfal sysfems (Clough and Park, 2006). Ofher fypes of landscape-scale models are linked 
fo complex and compufer-infensive oceanographic hydrod 5 mamic models fhaf simulafe changes in sea level, 
salinity, and sediments (Martin et al., 2000; Reyes et al., 2000). Changes in habitat t 5 rpe are simulated by 
simple switching functions that are dependent on these three parameters. 

At the other end of fhe spafial scale are fhe zero-dimensional wefland models or "poinf" models fhaf 
simulate change in relative wetland elevation, for example, for one specific poinf in a coasfal wefland. 
Early zero-dimensional models fended fo focus on eifher mineral deposition or organic sedimenf processes, 
alfhough fhere is now overlap befween fhe two. One of fhe firsf of fhese models was developed by Krone 
(1987) for San Francisco Bay. The model was designed fo evaluafe fhe historic locafion of fhe mean high 
wafer dafum by simulating changes in wefland elevation over time. Krone mechanistically simulafed mineral 
accrefion rafes based on predicfed periods of fidal inundafion combined wifh assumptions concerning 
concentrafions and seffling rafes for suspended sedimenfs. The model was calibrafed wifh ^^C dafa, and 
Krone found fhaf fhe accrefion rate increased wifh higher rafes of SLR. The mefhod fhaf Krone developed is, 
fo fhis day, fhe general approach fhaf is used for mechanistically simulating mineral sedimenf d 5 mamics in 
mosf wefland elevation models. These groups of models lack horizonfal spafial articulation, buf fhey excel af 
simulafing sife-specific processes in a mechanisfic marmer. 

Sparming fhe gap befween zero-dimensional models and regional-scale landscape models are fhe geo- 
morphic models fhaf simulafe morphod 5 mamics (i.e., sedimenfafion, charmel developmenf, and erosion) 
across a marsh plafform (a two-dimensional model) or a marsh transect (a one-dimensional model). These 
models are said to be "ecogeomorphic" or "biogeomorphic" if they additionally consider the feedbacks 
between marsh vegetation and physical processes such as sedimentation and erosion. Since many of the 
processes that affect wetland elevation, such as sedimentation rates, vary across the marsh surface, these t 5 ^es 
of models have recently been used to examine the response of salt marshes and tidal flats to SLR (Kirwan 
and Murray, 2007). These models emphasize the physical processes that affect marsh surface topography 
and t 5 rpically include mechanistic algorithms that describe wave energy, tidal currents, shear stress, and 
sediment erosion. Ecogeomorphic models also consider how marsh biota influences these physical processes, 
especially rates of deposition and erosion. In one of the most recent efforts to simulate the effects of SLR 
on marsh wetland elevation, Kirwan and Murray (2008) developed an exploratory, ecogeomorphic model 
for Westham Island, a salt marsh/tidal flats system in the Fraser River Delta, British Columbia. The model 
uses modification of the deposition algorithm from Morris et al. (2002) that accounted for distance from tidal 
channels, simulated wave height and wave-induced erosion, and linked marsh elevation to a simple plant 
productivity switching function (i.e., plant productivity decreased with decreasing elevation). It also incor- 
porated a sediment deposition/elevation/plant productivity feedback function (plant productivity affects 
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sediment deposition rates that, in turn, affect elevation, which influences plant productivity). Output was 
generated as two-dimensional elevation and vegetation zone maps of fhe island under various SLR scenarios. 
They found fhaf an RSLR of 1.036 m in fhe nexf 100 years resulfed in a loss of appro ximafely 38% of fofal 
vegefafed area. 

Models of all fypes can be used fo predicf how rising sea levels will affecf and change esfuarine habifaf 
and fo defermine whaf f 5 rpes of habifafs and esfuaries are mosf vulnerable fo SLR. As models become more 
sophisficafed and sife specific, fhey can be used by coasfal managers fo guide fhe course of resforafion efforfs 
in a given esfuary. 



species. The model predicted that their study site, a 
S. alterniflora marsh in South Carolina, could tolerate 
a rate of RSLR of up fo 1.2 cm/year. 

Rising sea level combined wifh lower freshwafer 
inpuf may lead fo increased salfwater infrusion and 
salinity stress in areas experiencing lower freshwater 
input. This especially threatens areas where there 
are extensive tidal freshwater wetlands such as in 
deltas. This combination of high RSLR, increased 
femperafure, and lower freshwafer inpuf makes the 
Mississippi and other deltas highly vulnerable to 
climate change (Thieler and Hammar-Klose, 2001; 
S 5 Tvitski et al., 2009). 

20.3.3 Freshwater Input on Coastal 
Ecosystems 

Increased freshwater input can have both benefi- 
cial and defrimenfal impacfs on coasfal sysfems. 
The benefifs of freshwafer inpuf stimulating verti- 
cal soil accretion have already been highlighted. An 
additional benefit is increased fisheries producfion in 
coasfal systems (Nixon, 1988), and this is addressed 
in the next section. This results because the nutrients 
in freshwater flowing into estuaries stimulate pri- 
mary production, which, in turn, increases the energy 
available for organisms fhaf fish forage on. 

One negative impact associated with the increase 
in freshwater runoff to coastal ecosystems is an exces- 
sive increase in nutrients. There is already consid- 
erable evidence that agricultural runoff and sewage 
wastewafer from human acfivify in tributary water- 
sheds is degrading many coastal ecosystems in the 
Gulf of Mexico and elsewhere. Nuisance algal blooms 
and low oxygen in bottom waters kill fish and shell- 
fish, as has been well documented in Chesapeake Bay 
(Harding and Perry, 1997; Kemp et al., 1992) and has 
been suggested for the coast of Louisiana in fhe so- 
called Gulf Dead Zone (Rabalais ef al., 1996) as well as 
worldwide (Diaz ef al., 2008). Recenfly, however, Bre- 
itburg ef al. (2009) concluded fhaf hyrpoxia does nof 
fypically reduce fisheries in coasfal sysfems. A num- 



ber of managemenf suggesfions have been made to 
reduce high nutrient loading to streams and coastal 
waters. For the Mississippi River basin, for example, 
these recommendations include changes in farming 
pracfices, buffer strips along steams, use of weflands 
to improve water quality, and reduction of nitrafe 
in river water by diversions into riparian ecosystems 
and the Mississippi delta (Mitsch et al., 2001). The 
increased runoff may also lead fo problems with toxic 
pollutants (e.g., heavy metals and organic chemicals) 
if fhere are high levels of fhese chemicals in fhe runoff. 

There is a concern fhaf diversions carried ouf 
to restore coastal wetlands will lead to algal blooms 
because of fhe added nufrienfs and fhaf they will add 
pollutants, which may severely affect organisms in 
these areas. Thus, diversions will have to be stud- 
ied and managed carefully fo avoid problems. On 
the other hand, if freshwater input decreases, it will 
probably lead to less accretion, lowered productivity, 
and saltwater intrusion. A recent study documented 
that reduced freshwater input to the East China Sea 
from fhe Yangfze River due to the Three Gorges Dam 
reduced diatom populations (Gong et al., 2006). 

Changes in freshwater and sediment input to 
coastal ecosystems lead to complex interactions that 
can increase or decrease the susceptibility of coastal 
wetlands to climate change. As previously stated, the 
rate at which accretion occurs, and thus the response 
to SLR, is a function of fhe combinafion of fhe inpufs of 
both inorganic and organic material. Organic material 
is mostly derived from the growth of planf roots (i.e., 
organic soil formation), whereas particulate inorganic 
material is mostly supplied in the form of sedimenfs 
thaf come from eifher fhe sea- or freshwater sources. 

There is a considerable literature showing that 
multiple stresses on coastal wetlands are much more 
detrimental than individual stressors acting alone 
(i.e., Mendelssohn and Morris, 2000). Goastal plants 
have evolved physiological, morphological, and 
reproductive strategies to deal with the impacts of 
increased and flucfuafing wafer level. Planfs are offen 
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able to deal with moderate increases in single stres- 
sors such as increased salinity, water logging, anoxia, 
and toxins. But when plants are subjected to multiple 
stressors, their ability to adapt is greatly reduced 
(Mendelssohn and Morris, 2000). Freshwater input 
into coastal systems reduces the level of a number 
of sfressors for example, freshwafer reduces salinify, 
mineral sedimenfs direcfly sfimulafe accretion, iron 
precipifafes sulfides, and nufrienfs sfimulafe below 
ground producfivify and fhus organic soil formation 
(DeLaune and Pezeshki, 2003; DeLaune ef al., 2003). 
Thus, freshwafer inpuf is a way fo deal wifh SLR 
fhaf causes bofh excessive flooding and salinify 
sfress. 

Enhanced above-ground production of planfs 
from nufrient enrichmenf and freshwafer also acfs 
fo promofe frapping of sedimenfs (Morris ef al., 
2002). Thus a reduction of freshwafer inpuf due 
fo climafe change reduces, in a variefy of ways, 
fhe abilify of coasfal planfs fo cope wifh SLR. To 
complicafe such a frend, humans have reduced 
freshwater flows and sediment loads to the coast 
worldwide (S 5 rvitski et al., 2005). This interaction of 
SLR and changes in freshwafer inpuf is an example 
of fhe complex responses fo bofh climafe change 
and human inf ervenf ions. Reduced freshwafer inpuf 
leads fo a reduced abilify of coasfal weflands fo sur- 
vive accelerafed SLR, whereas increased freshwafer 
inpuf (as a resulf of increased river flow or because 
of river reintroducfion) enhances survivabilify 
(DeLaune ef al., 2003). 

20.3.4 Coastal Fish and Fisheries 

A number of invesfigafions have demonsfrated 
relafionships befween fisheries yields and fhe high 
nufrienf loads, freshwafer inpufs, shallow depfhs, 
large areas of tidal mixing, coasfal vegefafed area, 
surface of lagoon-esfuarine sysfems and resulfing 
high primary productivities that are t 5 rpical of 
esfuaries, and esfuarine plume ecosysfems (Deegan 
ef al., 1986; Nixon, 1988; Pauly and Chrisfensen, 1995; 
Sanchez-Gil and Yahez-Arancibia, 1997; see Chapfers 
13 and 18). Thus, despife fhe small fofal spatial 
exfenf of esfuaries (<1% of fhe global marine area), 
a much larger proportion of fisheries are derived 
from esfuaries. In fhe Unifed Sfafes, approximafely 
50% of fishery yields are based on esfuarine or 
esfuarine-dependent species (Gunfer, 1967; McHugh, 
1967; Houde and Rufherford, 1993; Vidal and 
Pauly, 2004). 

The effecfs of climafe change on nekfon 
populafions and fisheries are highly inferacfive 
with the factors that enhance fish and fisheries 



(Chapfers 13 and 18). The survival of young fish, 
recruifment within estuaries, and fisheries yields 
are relafed fo facfors such as river runoff, salinify, 
wafer femperafures during critical time periods, 
availabilify of suifable esfuarine nursery habifaf, 
precipifafion, favorable wind fields, h 5 rpoxia, and 
sea level flucfuafions. In fhe shorf ferm, warmer 
wafer and higher growfh rafes plus expansion of salf 
marshes inland wifh SLR may favor producfivify of 
esfuarine-dependenf marine species. However, fhis 
enhanced producfivify may be femporary because 
of long-ferm negative effecfs of SLR and wefland 
loss on fishery habifaf s (Kennedy, 1990; Zimmerman 
ef al., 1991; Chesney ef al., 2000; summarized in 
Kermedy ef al., 2002). 

Many of fhe predicfed climafe changes will also 
influence circulation patterns and fransporf of salfwa- 
fer wifhin coasfal environmenfs (Chapfer 2). Changes 
in winds may alfer exisfing circulafion, especially 
in areas wifh small tidal ranges. For example, fhe 
refilling of esfuaries in fhe norfhern Gulf of Mexico 
after sfrong norfherly winds during a cold fronfal 
passage is probably responsible for fhe fransporf of 
coasfal materials and biota (e.g., saltwater, sediment, 
eggs, and larvae) into the estuaries (Rogers et al., 
1992). Thus, changes in the intensity and frequency 
of fronfal passages could severely alfer esfuarine 
circulafion and recruifmenf of esfuarine-dependent 
fish species. In addition, changes in rainfall and 
runoff will alfer coasfal and esfuarine salinify gradi- 
enfs, fhus alfering circulafion and long-term salinity 
patterns (Wiseman et al., 1986). Such changes may 
be sufficient to destabilize shallow coastal habitats, 
thereby affecting plant and animal species in these 
habitats. 

A clearer understanding of fhe links befween 
fhe nursery funcfion of coasfal weflands, hydrology, 
and climafe variation is emerging (Balfz ef al., 1993; 
Chesney ef al., 2000; Cowan ef al., 2008). Inferan- 
nual variation in the timing and extent of high wafer 
conditions in salf marshes may confribufe fo annual 
variation in fishery recruifmenf. Because many fishes 
make regular movemenfs onfo flooded marsh fo feed, 
marsh access is apparenfly imporfanf fo fhe growfh 
and survival of individuals. Sfudies in fhe Mississippi 
delfa, where asfronomical fides are small, indicafe 
fhaf inferarmual variabilify in wind paffems influ- 
ences fhe frequency of flooding of salf marsh habifafs, 
and subsequenfly shrimp landings (Childers ef al., 
1990). In ofher coasfal weflands wifh larger, semidi- 
urnal fides, marshes flood more predicfably and some 
fishes may spend as much as one-fhird of fheir fime in 
flooded habifafs. For species fhaf use high inferfidal 
habifafs as nurseries, variabilify in habifaf availabilify 
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driven by climate change may have a strong influence 
on recruitment, particularly in the systems where tidal 
range is small. 

In the semiarid regions, such as south Texas, the 
lack of freshwater and hyrpersalinity limit the devel- 
opment of emergent marshes in areas such as the 
Laguna Madre. Should climate change expand low 
rainfall regimes in areas such as fhe Texas coasf, 
the area of exisfing intertidal marshes will dimin- 
ish. This loss of nursery habifat may cause fishery 
yields fo decline. This is supporfed by signiflcanf 
declines in shrimp and blue crab commercial yields 
in south Texas bays and the Laguna Madre during 
drought and warm winter conditions (Texas Parks 
and Wildlife Deparfmenf, 2000). In confrasf, Haas 
ef al. (2001) predicfed increased shrimp abundance 
in northern Gulf esfuaries wifh increased esfuarine 
salinity, thus highlighting the uncertainty associated 
with estimating the effects on fisheries of inferacf- 
ing variation in precipifafion and river discharge, 
salinity, temperature, and hyrpoxia in climate-change 
scenarios. 



20.4 HUMAN ACTIVITY AND 
COASTAL MANAGEMENT 
IMPLICATIONS 



Increasing temperature, acceleration of SLR, changes 
in freshwafer runoff, and increasing sform infensify 
are fhe climafe forcings fhaf will affecf coasfal ecosys- 
fems in many parfs of fhe world. These forcings can 
inferacf wifh each ofher and wifh human impacfs 
fo eifher exacerbafe or mifigafe fhe effecfs of cli- 
mafe change (Day ef al., 2008). For example, SLR and 
lower freshwafer inflow lead fo bofh increased salin- 
ify and longer flooding durafion, resulting in multiple 
sfresses on wefland planfs. 

Anfhropogenic impacfs inferacf wifh climafe forc- 
ings, leading fo impacfs fhaf are often more severe 
than either impact acting alone. For example, in deltas 
such as the Mississippi, Rhone, Po, Ebro, and Nile, 
isolation of fhe delfa from fhe river (via levees and 
dikes), pervasive hydrologic alferafion, and conver- 
sion of land fo agriculfure have caused high rafes of 
coasfal wefland loss (Day ef al., 2007, 2012b; Sfan- 
ley and Warner, 1993; Ibhhez ef al., 1996; Ponf ef al., 
2002; Vorosmarfy ef al., 2009). These changes have 
also made fhe delfas more vulnerable fo accelerafed 
SLR and reduced freshwafer inpuf due fo climafe 
change. In fhe Everglades, hydrological alferafions 
and diversion of freshwafer flows for agriculfure. 



human consumption, and flood control have reduced 
freshwater input into the lower Everglades, resulting 
in saltwater intrusion, wetland loss, eutrophication, 
and habitat changes (Sklar et al., 2005; Madden, 2008; 
Day et al., 2012b). In addition, runoff from fhe agri- 
culfural area soufh of Lake Okechobee has caused 
nufrienf enrichmenf in fhe upper Everglades resulf- 
ing in replacemenf of nafive vegefafion wifh Typha 
spp. In arid and semiarid wafersheds, freshwafer 
wifhdrawals have resulfed in lowered freshwafer 
inpuf, and salinization of soils, as, for example, in 
fhe Indus River delfa (Snedaker, 1984). These f 5 rpes 
of changes will make fhe effecfs of climafe change 
worse, and managemenf is needed fo counfer fhese 
changes. River discharge has been reduced by more 
fhan 90% for fhe Ebro and Nile delfas, and reduc- 
fion of river inpuf fo fhe delfas and hydrological 
alferafions have led fo wafer qualify problems and 
wefland loss. Ponf ef al. (2002) concluded fhaf human 
impacfs on fhe Rhone delfa will worsen fhe impacfs 
of climafe change. 

Management for climate change will necessitate 
working with natural systems to enhance their ability 
to survive climate forcings. A fundamenfal concepf 
in doing fhis is fhaf susfainable managemenf should 
be based on sysfem functioning (Day ef al., 1997, 
2000). A basic managemenf approach is fhaf of eco- 
logical engineering, which is defined as "fhe design of 
susfainable ecosysfems fhaf infegrafe human sociefy 
with its natural environment for fhe beneflf of bofh" 
(Mifsch and Jorgensen, 2003). This approach com- 
bines basic and applied science for fhe resforafion, 
design, and consf ruction of ecosysfems. Ecological 
engineering relies primarily on fhe energies of nafure, 
wifh human energy used in design and confrol of key 
processes. 

Eor example, one managemenf sfrafegy fo oftsef 
SLR and promofe continued coasfal wefland pro- 
ducfivify is fo acfively utilize fhe resources of rivers 
rafher fhan letting mosf freshwafer, sedimenfs, and 
nufrienfs flow direcfly fo fhe sea. An example of fhis 
is fhe Mississippi delfa where levees have led fo mosf 
river wafer discharging direcfly fo fhe Gulf. This has 
led fo widespread wefland loss (Day ef al., 2000, 
2007). In an efforf fo solve fhis problem, river diver- 
sions are being used where sfrucfures allow river 
wafer and sedimenfs fo flow back info coasfal wef- 
lands (Lane ef al., 1999, 2004; DeLaune and Pezeshki, 
2003; DeLaune ef al., 2003; Day ef al., 2007, 2012a). 

If is imporfanf fo mainfain healfhy coasfal ecosys- 
fems because fhey will better cope wifh climafe 
change. This will involve careful managemenf of 
freshwafer, sedimenf, and nufrienf resources and 
working wifh nafural sysfems fo adjusf fo climafe 



References | 513 



change. As noted earlier, diversions of freshwater 
can enhance the ability of coastal wetlands to survive 
SLR and increases in salinity. However, care must 
be taken to minimize the potential for eutrophica- 
tion. Where possible, wetlands should be allowed to 
migrate inland as SLRs. 



20.5 SUMMARY: A SCIENTIFIC 
CONSENSUS, A GLOBAL 
SOLUTION 



As policymakers from around the world convened 
in Copenhagen in the fall of 2009 for the United 
Nations Framework Convention on Climate Change 
(UNFCCC), the Scientific Academies of every G8-I-5 
nation, including the American Association for the 
Advancement of Science, issued a joint statement for 
that body to consider. The message was unequivocal: 

It is essential that world leaders agree on the 
emission reductions needed to combat negative 
consequences of anthropogenic climate change 
at the UNFCCC negotiations in Copenhagen in 
December 2009. 

Climate change is happening even faster than pre- 
viously estimated; global COj emissions since 2000 
have been higher than even the highest predic- 
tions, Arctic Sea ice has been melting at rates much 
faster than predicted, and the rise in the sea level 
has become more rapid. Feedbacks in the climate 
system might lead to much more rapid climate 
changes. The need for urgent action to address 
climate change is now indisputable. 

With regards to estuaries, there is much that can 
be done on the local level. A healthy estuarine sys- 
tem is resilient to environmental and anthropogenic 
impacts. For example, estuarine resilience to climate 
change can be enhanced by restoring cormectivity 
with river and tidal energies. Tidal energy subsidizes 
the marsh by bringing in nutrient-rich, oxygenated 
water and by flushing out natural plant toxins that 
accumulate in the sediments. Connectivity to the river 
provides much needed sediments that can compen- 
sate for rising sea levels. Where possible, the removal 
of shoreline dikes and armoring can allow for upslope 
migration of estuaries as sea levels rise. Restoration 
and sound management can give these systems, and 
the organisms that thrive in them, a fighting chance 
in the face of climate change. 

On the other hand, there is only so much accom- 
modation and mitigation that can be accomplished 



at the local level. While sediment delivery and con- 
nectivity can be managed at the local scale, the over- 
arching anthropogenic climate forcings and atmo- 
spheric greenhouse gases are a global problem. For 
example, as China's powerful economy continues to 
grow, so do its greenhouse gas emissions, which 
have increased 152% from 1990 to 2004 and now 
exceeds emissions from the United States (Leggett 
et al., 2008). India's greenhouse gas emissions have 
increased 203% from 1980 to 2000 (Stephenson, 2003). 

Permanent solutions must be global solutions. 
The C8-F5 Academies' joint statement to the UNFCCC 
included the following recommendations for a per- 
manent solution to a global problem: (i) a worldwide 
emission reduction target of 50% from current lev- 
els by 2050; (ii) an increase in funding for research 
on enhancing the resiliency of natural systems to 
climate change; (iii) develop common, global strate- 
gies for implementing sustainable technologies; (iv) 
economic incentives for green technologies; and (v) 
pursue international cooperation on safe and secure 
nuclear power capacity and safe disposal of nuclear 
waste. 
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21.1 INTRODUCTION 



Estuarine ecosystems are composed of many inter- 
active biotic and abiotic components (e.g., nutrients, 
organisms) whose functioning is not always obvious 
and easy to understand from observations. Estuar- 
ies are d 5 mamic places, and their components are 
constantly changing. As these components and their 
cycles interact with each other, they create a hierarchy 
of d 5 mamics in which space, time, and boundaries 
play critical parfs. A common approach for sim- 
plifying fhis complexity is to develop mathematical 
models of fhese ecosysfems. Models are indeed sim- 
plificafions of realify and, as such, describe only fhe 
mosf imporfanf feafures and inferacfions in fhe sys- 
fem. Models provide a mefhodology fhaf allows for 
dafa s 5 mfhesis and hypofhesis fesfing under sfricfly 
confrolled conditions, which is nof possible wifh field 
measuremenfs. Models are also very useful in explor- 
ing future scenarios and can be used via hindcasting 
to better understand the past behavior of fhe sysfem. 

Research and developmenf in esfuarine model- 
ing have paralleled fhe developmenfs in esfuarine 
physics, chemisfry, and biology. Elolisfic perspec- 
tives of esfuarine ecosysfems in fhe 1970s required 
fhe consfrucfion of concepfual and mafhemafical 
models fhaf fesfed currenf knowledge and direcfed 
fufure research. Esfuarine modeling is a sysfemafic 
approach fo addressing environmenfal problems and 
for direcfing research. The power of modeling is fhaf 



if requires one fo propose a mafhemafical represen- 
tation of fhe ecosysfem and fhus fesfs our knowledge 
and undersfanding of fhe sysfem. As fhe holisfic 
approach gained popularify (Odum, 1960), esfuar- 
ine sysfems became probing grounds for modeling 
efforfs. Among fhe firsf holistic-based modeling sfud- 
ies were fhose of Teal (1962) working in sail marshes, 
Pomeroy ef al. (1972) examining phosphorus flux 
in esfuaries, and Nixon and Oviatf (1973) model- 
ing Spartina. Wiegerf ef al. (1975) and Ulanowicz 
ef al. (1975) combined an empirical microcosm phyfo- 
plankfon experiment with a simulation model. Dame 
(1979) is an excellent source of informafion on fhese 
early modeling efforfs. Owing fo fhe developmenfs in 
compufer fechnology, fhe use of simulafion models 
has grown explosively over fhe pasf two decades. 
Eor example, in fheir review of esfuarine biogeo- 
chemisfry models, Jorgensen and Bendoricchio (2001) 
lisfed more fhan 50 differenf models. Mosf of fhese 
models were concerned wifh specific problems, such 
as predicting fhe effecfs of eufrophicafion on water 
quality and simulating the cycling and fate of foxic 
compounds in fhe ecosysfem. 

21.2 CLASSES OF MODELS 

Models can be generally divided info concepfual 
(qualifafive, diagrammatic, fexfual) and mafhemat- 
ical (quantitative). Conceptual models often use flow 
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diagrams (boxes and arrows showing energy and 
mass transfers among boxes) to illustrate the relation- 
ships among model components, and lately, concep- 
tual models have become a very popular approach to 
evaluate and justify the decisions as to which projects 
to undertake in large ecosystem restoration efforts 
(Twilley, 2004; Ogden et al., 2005; Rudnick et al., 
2005). 

Mathematical models t 5 ^ically include one or 
many equations that are used in model computations. 
Mathematical models can be further subdivided into 
statistical and mechanistic models. 

Statistical models are built primarily from 
empirical data. They are purely descriptive, and the 
relationships among variables represented in the 
model are not necessarily causal. Examples of statisti- 
cal models include simple models of primary produc- 
tivity (Cole and Cloern, 1985; Hume and Herdendorf, 
1993; Howell et al., 2005), population d 5 mamics of 
organisms (Tumbiolo and Downing, 1994; Goss- 
custard et al., 1995), and even highly sophisticated 
watershed and ecological models (Corbett et al., 1997; 
Thompson et al., 2000; Paul et al., 2002). 

Mechanistic models are process-based models 
that are built on how we believe the ecosystem 
functions. These models often include descriptions of 
various physical, chemical, and biological processes 
and require extensive calibration and testing. Mecha- 
nistic models try to go beyond statistical models and 
include cause-and-effect relationships. Examples of 
mechanistic models include surface and subsurface 
water flows (W 5 mn and Liehr, 2001; Rousseau et al., 
2004), biogeochemical cycles (Potter, 1997; Merrill and 
Benning, 2006), and population dynamics (Wortmann 
et al., 1997; Baird et al., 2003). 

While it is convenient to classify models, most 
models are a mix of statistical relationships and 
process representations. Some believe that statistical 
models, which are simpler and more directly rooted 
in data, are better for predicting, while mechanistic 
models are better for increasing our understanding 
of the ecosystem. This debate over how simple or 
complex models should be continues to this day. 

Estuarine models are typically constructed using 
a series of highly interrelated steps (Eig. 21.1). These 
steps are often repeated and, in practice, models are 
developed by going through these steps several to 
many times. 

21.2.1 Conceptualization 

The first step in model construction is to describe the 
prediction variable of primary interest and the major 
components that we believe affect this variable. The 
main questions we use to conceptualize the model 



are: How do we think the system of interest works? 
What are the components and processes that greatly 
influence the dynamics of the system? Very important 
to the conceptualization step is a clear statement of the 
question or h 5 q)othesis of interest. Once the question 
of interest can be stated, one can begin to decide 
what is important to include in the model. Specific 
aspects of the conceptualization step are deciding 
on the currency of the model (the units in which 
the model calculations are computed, e.g., mass or 
energy), the variable or variables of interest (called 
state variables) one wants to predict over time or 
in space, the major processes or components that 
need to be included in order to sufficiently predict 
how the state variables will change over time and 
space, and what environmental variables regulate 
these processes. 

21.2.2 Formalization 

The next step after conceptualization is to formalize 
the model by adding more details to the conceptu- 
alized model. What exactly are the state variables, 
processes, and environmental variables (also called 
forcing functions) needed to sufficiently describe the 
conceptualized model? Just as important is what 
aspects of the ecosystem can be ignored and not 
included in the model. Remember a model is, by def- 
inition, a simplification of the real ecosystem; thus, 
things we know operate in the real ecosystem must 
be left out or greatly simplified in a model. An impor- 
tant aspect of the formalization step is to list the 
assumptions that need to be made as a result of the 
simplifications that underlie the model. Eormalization 
involves defining the spatial scale and boundaries of 
the model and the temporal scales of the model. 
Specification of the spatial scale involves deciding 
how many spatial boxes will be represented and the 
dimensions of each of these boxes, what area in total 
will be covered by the spatial boxes (e.g., entire estu- 
ary or the near-shore zone), and how to deal with 
the boundaries in terms of how the modeled area is 
linked to areas just outside of the modeled area. Eor 
example, do materials or organisms enter and exit the 
modeled area, and if so, what is their rate of exchange. 
Specification of the temporal scales involves decid- 
ing on the time step of the model (how often the 
values of the state variables are updated) and how 
long model simulations will be. The result of con- 
ceptualization and formalization is often a detailed 
diagram. This t 5 rpe of diagram is critical to determine 
which components are important to include in the 
model and how they relate to each other, in order 
to be able to answer the question or h 5 rpothesis of 
interest. Sometimes the questions of interest evolve 
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FIGURE 21.1 Conceptual diagram showing the major steps in the construction of an ecological model. 



during the development of the model. One must 
always ensure that the conceptualized and formalized 
model remains appropriafe for fhe currenf quesfion of 
inferesf. 

21.2.3 Implementation 

A concepfualized and formalized model is ready fo 
be expressed in mafhemafical ferms, which we call 
fhe implemenfafion sfep. The implemenfafion sfep 
involves franslafing words and diagrams info model 



equations. The dependence of fhe sfafe variables 
on processes (and fhus on environmenfal variables 
fhaf affecf fhe processes), and on each ofher, is 
expressed as equations. Several f5rpes of mafhemat- 
ics can be used fo express fhese equations, which 
are often grounded in calculus. The commonly used 
mathematics are differential equations and difference 
equations. Usually, fhere is an equation fhat describes 
fhe rafe of change of each sfafe variable. Wifh multiple 
sfafe variables, one obfains a sysfem of equations in 
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which the equation for a state variable may include 
terms that involve the values of ofher stafe variables. 
The specific f 5 rpes of mafhematics used fhen defer- 
mine fhe numerical techniques needed to solve these 
equations, and to thereby obtain values of fhe sfate 
variables over time and, if appropriate, over space. 
While the details of fhe mafhematics and the solution 
methods are often not described, it is very important 
to be sure that one is obtaining the correct solution to 
the model equations. As part of fhe implemenfation 
sfep, model parameters or coefficients that deter- 
mine the rates of fhe processes, and thus the rates of 
change of the state variables, are carefully defined. 
Computer-relafed questions are also deal! wifh in the 
implementation step, such as whether off-the-shelf 
compufer software can be used to solve the equations 
or which programming language should be used to 
develop a customized code that solves the model 
equations. 

21.2.4 Parameterization 

While values for some paramefers and forcing func- 
fions can be estimated with great accuracy and pre- 
cision, some or many parameters are only known 
approximately. Some processes, and the associated 
parameters, can be specified from firsf principles, 
such as the number of calories in a gram of respired 
oxygen. Many processes use measurable paramefers, 
buf fhese parameters either have not been measured 
yet or have reported values that have been deter- 
mined for only a few conditions (e.g., 1 year in one 
place in fhe esfuary), in fhe laboratory, or only in 
other ecosystems or for ofher species. Rarely are 
esfuarine models developed for which all parame- 
fers are known with great confidence. An imporfant 
aspecf of the parameterization step is model cali- 
bration; the determination of values of imperfectly 
known model parameters. Calibration can involve 
simply making educated guesses at parameter val- 
ues, repeated adjustment of parameter values until 
the model behaves reasonably, or statistical-based 
calibration approaches that involve algorithms for 
searching for the set of parameter values that make 
the model predictions of stafe variables as close as 
possible to the observed values of fhe stafe variables. 
The decision of how fo calibrate a model depends 
on the mathematics and complexity of fhe model 
itself, fhe purpose of fhe model, and the quality and 
quantity of fhe available data. 

21.2.5 Validation 

Confidence in models often depends on how well 
a model predicts values of sfate variables for dafa 



fhaf was nof used to construct the model (i.e., 
measurements of stafe variables not used in the 
previous steps). This is commonly known as the 
independent test of a model. If is nof always possible 
to rigorously test a model against independent data. 
But a good validation demonstrates the degree 
to which model predictions can be generalized 
and applied beyond the conditions underlying the 
calibration (parameterization) step. While having a 
model accurately predict the values of sfate variables 
for new conditions is reassuring, a very useful resulf 
of model validation is also having fhe model do 
poorly and fhereby help define fhe limifs of the 
model. Model validation almost always also raises 
questions about the quality and quantity of fhe 
dafa. As one models long-lived animals such as fish, 
the data are rarely sufficient for rigorous model 
validation and sometimes validafion resulfs in fhe 
quesfion is the model wrong or are the data not 
representative of general conditions? 

21.2.6 Analysis 

A calibrated and validated model is then used to 
address the original question or h 5 rpothesis of inter- 
est. Model analysis can be simply several simulations 
under a variety of condifions or a specific set of sim- 
ulations performed as if an experimenf was being 
performed. Of course, fhis experimenf is in fhe vir- 
tual world. This has the advantage of being able 
to control everything in the simulated ecosystem so 
that the effects of certain factors can be isolated, 
and the effects of simultaneous variation in multi- 
ple factors can also be cleanly examined. However, 
the results are only as good as the model is realis- 
tic. The analysis step often also involves sensitivity 
analysis, which varies model parameters in a sys- 
tematic way to determine which parameter has the 
greatest influence on model predictions and to pro- 
vide information on the range of parameter values 
under which the model can still generate realistic 
outcomes. Sensitivity analysis is t 5 q)ically done by 
varying each parameter in the model by a small, 
fixed amount. The change in model predictions of 
state variables between the original simulation and 
with a parameter increased by say 10% is an index 
of fhe sensifivify of fhe model fo fhat parameter. It 
is observed that 10% changes in some parameters 
will cause large changes in model predictions, while 
similar changes in other parameters will have little 
effect. Complex models generate multiple prediction 
variables, and the importance of parameters can vary 
among the prediction variables. Uncertainty analysis 
is an extension of sensifivify analysis that uses more 
sophisticated ways to change parameter values, both 
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singly and together, and changes parameter values 
by realistic amounts that reflect how the parameter 
varies in nature. The results of model experiments and 
sensitivity and uncertainty analysis, taken together, 
are used to answer the original question or h 5 rpothesis 
of interesf. 

The nexf section consisfs of fhree modeling 
examples thaf illusfrate how models have been used 
fo address importanf questions about estuaries and 
their responses to change. In all three examples, 
models were used because other methods (such as 
data collection) would be impossible, difficult, or 
expensive. Each example involved multiple passes 
through the model construction steps outlined above. 
All these models to this day are still undergoing 
modifications, which are hopefully improvemenfs, 
as more dafa and information become available and 
fhe questions of interesf continue to evolve and new 
questions are posed. 



21.3 CASE STUDY: RESPONSES 
OF THE GULF OF MEXICO 
HYPOXIA TO VARIATIONS IN 
CLIMATE AND ANTHROPOGENIC 
NUTRIENT LOADING 



Large-scale h 5 rpoxia (< 2 mg O 2 /I) in the northern 
part of Gulf of Mexico (Fig. 21.2), recenfly exceeded 
an area of 20,000 km^ (Rabalais ef al., 2002), and fhis 
hypoxic area overlaps wifh the habitat and fishing 
grounds of commercially importanf fish and shrimp 
species. H5q?oxia develops as a S5mergisfic producf 
of the high stability of the water column and high 
surface primary productivity. High stability prevents 
mixing of oxygen-rich surface wafers wifh the isolated 
bottom layer, and high surface producfivify resulfs in 
high carbon flux fo fhe bottom layer where decom- 
position results in the depletion of oxygen (Rabalais 
ef al., 1996). H 5 rpoxia in fhe norfhem part of Gulf of 
Mexico f 5 rpically occurs from March fhrough October 
in the bottom layer waters located below the pyc- 
nocline and extends between 5 and 60 km offshore 
(Rabalais and Turner, 2001). Retrospective analyses 
(Turner, and Rabalais 1994; Sen_Gupta et al., 1996) 
and model simulations (Justic et al., 2002) have sug- 
gested that the Gulf's h 5 rpoxia has infensifled during 
fhe past five decades as a resulf of increased nitrogen 
inputs by the Mississippi River and a more balanced 
mix of nufrienfs in the river water (Turner and Rabal- 
ais, 1991; Justic et al., 2003). 



As the northern part of Gulf of Mexico supporfs 
imporfanf US fisheries, h 5 rpoxia has received con- 
siderable scientific and public attenfion. In 2001, fhe 
Mississippi River /Gulf of Mexico Watershed Nutri- 
ent Task Force set a goal to reduce the 5-year running 
average of the Gulf's h 5 rpoxic zone fo less fhan 
5000 km^ by fhe year 2015 (Rabalais et al., 2002). The 
proposed action plan suggested that a 30% decrease 
in the Mississippi River nitrogen load to the Gulf 
would be needed fo reach this goal and that the 
plan's implementation should be based on voluntary, 
incentive-based strategies implemented in the large, 
Mississippi River watershed that ultimately feeds info 
fhe Gulf of Mexico. 

While fhe link between fhe anthropogenic nutri- 
ent inputs coming from the upstream watershed and 
h 5 q)oxia was addressed in the proposed action plan, it 
was also recognized that the development of h 5 rpoxia 
in the northern part of Gulf of Mexico is highly sensi- 
tive to interannual variability in the Mississippi River 
discharge (Fig. 21.2). For example, during the drought 
of 1988 (a 52-year low discharge record of fhe Missis- 
sippi River), the aerial extent of midsummer h 5 q?oxia 
was minimal. In contrast, during the flood of 1993 (a 
62-year maximum discharge for Augusf and Sepfem- 
ber) fhe h 5 rpoxic zone was twice fhe averaged area for 
1985 fo 1990. 

To address fhe quesfion of the effect of infer- 
annual variability in Mississippi River discharge on 
the h 5 rpoxic area, a mathematical model was con- 
structed to simulate the monthly responses of fhe 
h 5 rpoxia in Gulf of Mexico to variations in climate 
and anthropogenic nutrient loading. The model made 
use of fhe data collected for 45 years between 1955 
and 2000. Once calibrated, the model was used to 
simulate the effects of six h 5 rpofhefical fufure sce- 
narios on fhe frequency and area of the h 5 rpoxic 
zone. The future scenarios were based on observed 
and projected changes in the Mississippi River dis- 
charge, nitrate concentrations in Mississippi River 
water, and ambient water temperatures in the north- 
ern part of Gulf of Mexico. One scenario corresponded 
to a proposed management measure and examined 
what would happen to h 5 q)oxia with a 30% decrease 
in the nitrogen flux into the Gulf from fhe Mississippi 
River. 

21.3.1 Approach to Modeling 

A simple two-box model was constructed Rustic et al., 
1996, 2002) that allowed for different d 5 mamics in the 
surface layer and in fhe bottom layer. The surface 
layer was defined as above fhe pycnocline (0 fo about 
10 m deep) and the bottom layer as below the pycno- 
cline (depths of 10 to about 20 m). The model assumed 
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FIGURE 21.2 The Mississippi River discharges (Q, a) and corresponding areas of summertime bottom hypoxia (b) in the 
northern part of Gulf of Mexico during 1985, 1988, and 1993. The solid line represents the mean monthly discharge for a 
given year, and the dashed line is the mean monthly discharge for the 1985-1993 period. The shaded areas represent the 
distributions of bottom waters with dissolved oxygen concentration below 2 mg O 2 /I. Note that during 1988, hypoxia was 
observed only at one location off the Louisiana coast. The reference station C6 is indicated in the upper panel of (b) Source: 
Reprinted from Justic et al., 2003, with permission from Elsevier. 



uniform properties within the surface and bottom 
layers. In the model, the oxygen concentration in the 
surface layer changed as a result of biological oxygen 
production and consumption, oxygen transport in 
the horizontal and vertical directions, and exchange 
with the atmosphere. In the center of the h5rpoxic 
zone, horizontal oxygen transport due to advection 
and diffusion is small compared to vertical oxygen 
transport (Justic et al, 1996). Thus, the equation for 
the state variable of the daily oxygen concentration in 
the surface layer (Oj^, g O2/ m^) was 

^ = -Fot-Do + NP (21.1) 

where t is the time (day), Fqj is the total air -sea oxy- 
gen flux (g 02/m^/day), Dq is the diffusive oxygen 
flux through the pycnocline (g 02/m^/day), and NP 
is the net primary productivity expressed in terms 
of oxygen equivalents (g 02/m^/day). The net pro- 
ductivity of the surface layer (NP; g C/m^/ day) was 
computed at each time step from a time-delayed 
regression model (r^ = 0.73; p < 0.001; Justic et al, 
1996) 



the current and the preceding month, respectively. 
Conversion of carbon to oxygen equivalents, so that 
Eq. 21.1 is dimensionally correct, was carried out 
using a ratio of 3.47 by weight (mol C/ mol O2 = 106: 
138; Redfield et al, 1963). 

Owing to the high turbidity of the continental 
shelf waters near the Mississippi River, biological 
oxygen production below a water depth of 10 m is 
low (Lohrens et al, 1990) and may be considered an 
insignificant term when compared to vertical oxygen 
transport. Thus, the differential equation for the state 
variable of oxygen concentration in the bottom layer 
(Otb, g 02/m^) included only two terms: oxygen 
uptake due to benthic and water column respira- 
tion (R) and oxygen resupply from the upper water 
column via turbulent diffusion (Dq) 



90tb 

dt 



— R + Dq 



(21.3) 



The respiration rate (R; g O2 / m^ / day) in the bottom 
layer at any given time t may be expressed in terms 
of the net productivity rate NP(t) at some earlier time 
tg, so that 



NPt = -0.34 -b 3.93xlO^^(N - N03)f_i (21.2) 

where N — NO3 is the nitrate flux of the Mississippi 
River (10^ kg/ day) and subscripts t and t — 1 denote 



t 

R{t)^k{t) j flNP(to)exp 

—00 



j Kh)dh 



dtg 



(21.4) 
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where the proportionality constant a describes the 
fraction of NP fhaf reaches fhe lower wafer column. 
Equafion 21.4 used nef producfivify as a surrogafe 
for excess carbon in fhe surface layer fhaf is avail- 
able for exporf fo fhe boffom layer. Accordingly, fhe 
equafion for fhe rafe of change of fhe sfafe variable of 
organic carbon in fhe sedimenfs (C^, g C/m^) may be 
wriffen as: 

(21.5) 

where Sf is fhe insfanfaneous vertical carbon flux, 
resulting from fhe sedimenfafion of organic mafe- 
rial from fhe surface layer (g C/m^/day), R{t) is 
fhe respirafion rafe in fhe boffom layer, expressed 
in ferms of carbon equivalenfs (g C/m^/day), and 

(g C/m^/day) is fhe loss of sedimenfary car- 
bon because of fhe processes of resuspension and 
exporf. 

Equations 21.1, 21.3, and 21.5 represenf a sys- 
fem of coupled, nonlinear differenfial equafions. In 
simulation experimenfs, fhe equafions were solved 
using fhe Runge-Kuffa infegrafion mefhod of fhe 
fourfh order and an infegrafion sfep of 0.01 monfhs 
(0.3 days). 

21.3.2 Model calibration 

The model was calibrafed using dafa from 1985 fo 
1993 for fhe Mississippi River and fhe norfhern parf of 
Gulf of Mexico. The 1985-1993 period included fhree 
average hydrologic years (1985, 1986, and 1989), a 
record flood year (1993, a 62-year record high dis- 
charge), fwo years wifh above average discharge 
(1990 and 1991), fhree years wifh below average dis- 
charge (1987, 1988, and 1992), and a record droughf 
year (1988, a 52-yr record low discharge). Given fhe 
time span of fhe dafa, fhe 1985-1993 dafa subsef was 
well suifed for model calibration because fhe dafa 
confained a wide variety of river discharge condi- 
tions. Calibration resulfs for surface layer and boffom 
layer oxygen concenfrafions (Eig. 21.3) showed fhaf 
fhe model agreed very well wifh fhe observed values. 

21.3.3 Model Results 

The fufure scenarios fhaf were invesfigafed wifh fhe 
calibrafed model (Table 21.1) were based on projecfed 
changes in fhe Mississippi River discharge, Missis- 
sippi River nifrafe flux info fhe Gulf and ambienf 
wafer femperafures in fhe norfhern parf of fhe Gulf of 
Mexico. Model predictions under fhe fufure scenarios 
were compared fo fhe baseline simulation resulfs, in 
which fhe model was forced by fhe observed fime 
series of femperafure, river fresh wafer discharge. 




Years 




Years 



FIGURE 21.3 Observed and predicted monthly averages 
of (a) surface (0-10 m) and (b) bottom (10-20 m) oxy- 
gen concentrations at station C6 for the period June 
1985-November 1993. Source: Reprinted from Justifi et al., 
2002, with permission from Elsevier. 

and nifrafe flux for fhe 45-year period from 1955 fo 

2000. 

Model predictions under baseline condifions 
idenfified fhe mid-1970s as fhe sfarf of recurring 
h 5 rpoxia in fhe boffom layer and predicfed a fofal 
of 19 years wifh h 5 rpoxia between 1955 and 2000 
(Eig. 21.4). These resulfs are in good agreemenf wifh 
fhe timing of firsf reporfs documenfing h 5 rpoxia in 
fhe norfhern parf of Gulf of Mexico (Rabalais and 
Turner, 2001) and are additionally supporfed by 
fhe refrospecfive analyses of sedimenfary records 
(Turner and Rabalais, 1994). 

Eor a fufure scenario wifh a 30% decrease in fhe 
average Mississippi River discharge (Table 21.1, Sce- 
nario 1), fhe model predicfed 8 years wifh h 5 rpoxia, 
which is a 58% decrease in frequency relative fo fhe 
baseline resulfs. On using riverine nifrogen inpufs 
characferisfic of 1955-1967 (Scenario 2), no dafa on 
h 5 rpoxia were obfained. Eor a scenario wifh 20% 
increase in fhe average Mississippi River discharge 
(Scenario 3), fhe model predicfed a 37% increase in 
frequency of h 5 rpoxia. A 4 °C warmer norfhern parf 
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TABLE 21.1 Simulated changes in the average oxygen concentration of the bottom layer in the core of the Gulf's 
hypoxic zone for a number of climatic and nitrogen loading scenarios 



Scenario 




Number of Years 
with Hypoxia 


Percentage Change 
Relative to Baseline 


Baseline 


1955-2000 conditions 


19 


— 


1 


30% reduction in river discharge 


8 


-58 


2 


Nitrate concentrations characteristic of 1955-1967 


0 


-100 


3 


20% increase in river discharge 


26 


+27 


4 


4°C warmer Gulf waters 


25 


+22 


5 


20% increase in river discharge and 4°C warmer Gulf waters 


31 


+62 


6 


30% reduction in nitrate concentration 


12 


-37 



The baseline model was forced using time series of observed monthly values of the Mississippi River discharge, and nitrate concentration 
(N — NO^) over a 45-year period from 1955-2000. The investigated model scenarios are based on the available projections of climate, 
Mississippi River flows, and temperatures in the northern part of Gulf of Mexico, and proposed nutrient management goals. Hypoxia is 
defined as water with DO less than 2 mg Oj/I. 

Source: Adapted from Justic et al., 2003. 
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FIGURE 21.4 Simulated changes in the average (a) surface 
(0-10 m) and (b) bottom (10-20 m) oxygen concentrations 
at station C6 for the period January 1955 to May 2000. 
Shaded area in the lower chart denotes hypoxic conditions 
(<2mg O 2 /I) in bottom waters. Source: Reprinted from 
Jushc et al., 2002, with permission from Elsevier. 

of Gulf of Mexico (Scenario 4) would resulf in a 
32% increase in fhe frequency of h 5 rpoxia over fhe 
baseline, and fhe combinafion of a 4 °C warmer Gulf 
and a 20% increase in fhe average Mississippi River 



discharge (Scenario 5) would resulf in 31 years wifh 
hypoxia or a 63% increase in fhe frequency over fhe 
baseline. While a 30% decrease in fhe Mississippi 
River nifrafe concenfrafions (Scenario 6) would resulf 
in a 37% decrease in fhe frequency of h 5 rpoxia, fhis 
decrease in h 5 rpoxia is offsef if a 20% increase in 
fhe Mississippi River discharge occurred af fhe same 
fime. 



21.3.4 Lessons Learned 

H 5 rpoxia in fhe Gulf of Mexico is highly sensifive fo 
variations in fresh wafer discharge, riverine nifrafe 
flux, and fhe ambienf wafer femperafures in the Gulf. 
Depending on fhe assumpfions abouf fufure climafe 
change, bofh major increases and decreases in fhe 
frequency of h 5 rpoxia are possible (Table 21 . 1 ). It is dif- 
ficult to predict changes in the aerial extent of h 5 rpoxia 
based on model projections for a single station within 
the core of the h 5 qroxic zone (C6; Fig. 21.2). In this 
respect, it was not possible to determine whether a 
30% decrease in nitrate flux would reduce the average 
aerial extent of h 5 rpoxia below 5000 km^, as sug- 
gested by the Mississippi River Watershed /Gulf of 
Mexico H 5 rpoxia Task Force (Rabalais et al., 2002). 
Nevertheless, model simulations indicated that if 
potential climatic variations are taken into account, a 
30% decrease in the nitrogen flux of the Mississippi 
River may not be sufficient to accomplish the pro- 
posed h 5 rpoxia management goal. For instance, a 20% 
increase in the Mississippi River discharge, projected 
under some climate change scenarios, would com- 
pletely offset a decrease in the frequency of h 5 rpoxia 
resulting from a 30% decrease in the anthropogenic 
nitrogen flux. 
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21.4 CASE STUDY: EFFECTS OF 
MARSH HABITAT ON BROWN 
SHRIMP PRODUCTION 



Many shellfish and fish use fhe marshes in esfuaries 
as nursery areas (Minello, 1999). For example, brown 
shrimp {Farfantepenaeus aztecus) spawn offshore in fhe 
ocean, and very young shrimp fhen move shoreward 
until fhey reach esfuaries and seffle fo fhe boffom 
between February and May when fhey are abouf 
15 mm in lengfh. While in fhe bays and marshes 
of fhe esfuary, fhe young shrimp grow rapidly in 
size, and on reaching abouf 70 mm in lengfh in fhe 
fall, fhey leave fhe esfuary and refurn to the ocean. 
Sampling with nets has shown that the young shrimp 
congregate in the edge habitat where the marsh meets 
the water (Rozas et al., 2000). Flarvesting of shrimp in 
the offshore wafers is a very importanf fishery in fhe 
Gulf of Mexico. 

In many areas, including fhe Gulf of Mexico, 
marshes are disappearing because of rising wafer 
due fo sea level rise, man's prevenfion of fhe nafural 
flooding of rivers fhaf used fo bring sedimenfs fo fhe 
marshes and build fhem up, and nafural processes 
such as subsidence (compacfion of fhe soils under fhe 
marsh) (Boesch ef al., 1984). There was general con- 
cern abouf how fhe confinued loss of marshes mighf 
affecf fhe shrimp during fheir imporfanf nursery 
period in the estuaries. It was difficult to determine 
this from field sampling only because comparison of 
shrimp growth and mortality among marshes could 
be affected by other differences befween fhe marshes 
than just their degree of degradafion. Thus, Haas ef al. 
(2004) developed a simulation model of fhe shrimp 
during fheir fime in the marshes with the purpose 
of predicfing how degradafion of fhe marshes, wifh 
all else equal, would affecf fhe growfh and morfalify 
of young brown shrimp. Their resulfs could also be 
viewed in fhe reverse direction as how shrimp growfh 
and morfalify mighf be expecfed fo respond if already 
degraded marshes were resfored. 

21.4.1 Approach to Modeling 

Haas ef al. (2004) consfrucfed an individual-based 
model of brown shrimp in which each modeled 
shrimp moved around in a square grid of spatial 
cells. The model was run for 245 days January 
1 fhrough Sepfember 1), wifh sfafe variables being 
updafed every 6 h. The sfafe variables were fhe size 
(lengfh in millimefers), sfafus (dead or alive), and cell 
location of each individual shrimp. By summing over 
all live shrimp, Haas ef al. (2004) obfained predictions 



of fofal shrimp; fhey also kepf frack of fhe numbers 
of shrimp surviving fo 70 mm when fhey leave fhe 
esfuary and refum fo fhe ocean. The processes of 
growfh affecfed fhe size of each shrimp, morfalify 
defermined fhe sfafus of each shrimp, and movemenf 
defermined fhe location of each shrimp. The envi- 
ronmenfal driving variables were wafer femperafure, 
which affecfed growfh, and flooding, which defer- 
mined whefher cells in fhe grid had wafer on fhem 
and were fherefore accessible fo fhe shrimp. Very 
young shrimp (abouf 15 mm in lengfh) were added 
fo fhe simulafed populafion every week befween 
January and May according fo field dafa, and were 
sfarfed by randomly placing fhem in cells fhaf had 
wafer. 

Aerial phofographs of acfual marshes were used 
fo designafe each of fhe 10,000 cells in fhe 100 x 100 
grid eifher as vegefafed or open wafer. Each cell had 
1 m sides. Four parficular phofographs were selecfed 
fhaf provided a nice confrasf in fhe healfh of fhe 
marshes (Fig. 21.5). Two of fhe habifaf maps had 
abouf 50% water cells, but one had a large cluster 
of vegefafed cells (low edge), and fhe ofher had fhe 
same amount of vegefated cells buf in many smaller 
clusfers (i.e., was more fragmenfed and fherefore 
had more edge). The ofher fwo habifat maps had 
similarly highly clusfered or fragmenfed vegefafive 
cells, buf wifh less vegefafive cells in tofal (closer 
fo 30%, rather than 50%, of fhe map). One could 
view fhe degradation of a marsh as sfarting with 
the one with low edge with high vegetation and then 
going clockwise around the maps. The most degraded 
marsh would be the low edge with low vegetation 
map. 

Water temperature was updated each day from a 
funcfion fitted fo field dafa, and all cells were assumed 
fo have fhe same wafer femperafure. Flooding was 
represenfed in a more complicated way. Each cell 
could be in one of four sfages (low fide, rising, high 
fide, falling). A funcfion was fif fo fhe field data based 
on the probability of flooding occurring on a day. 
Each day in fhe model, if was randomly defermined 
whefher flooding occurred, and fhen fhe sfages were 
updafed for fhe nexf four 6-h fime sfeps unfil fhe 
nexf day when fhe process was repeafed. If flooding 
occurred on a day, fhen fhe sfages were changed for 
fhe nexf four 6-h fime sfeps fo mimic rising wafer 
(low wenf fo rising, rising fo high, falling fo high). If 
flooding did nof occur, fhen fhe sfages were changed 
fo mimic falling wafer levels (high fo falling, falling 
and rising fo low). Vegefafed cells more fhan one cell 
away from permanenfly wafered cells were accessible 
fo fhe shrimp only when fhey were in fhe high fide 
sfage, whereas vegefafed cells af fhe edge where fhey 
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FIGURE 21.5 The four spatial maps of vegetated and water cells in the 100 x 100 grids used for simulating individual brown 
shrimp growth, mortality, and movement. The two maps on the top row had similar total amount of vegetated cells (50%). 
The left-side map had this arranged in large clumps and thus low edge, while the right-side map has smaller clumps and 
thus higher edge. The bottom row had few vegetated cells (about 30% of the map) and also arranged such that the left-side 
map had low edge and the right-side map had high edge. The four maps can be thought of as showing a progression of 
degradation as one goes clockwise starting at the top left map. 



meet water cells were accessible when the shrimp 
were in the rising, falling, and high tide stages. 

Growth rate was computed every 6 h for each 
shrimp, and the new length was computed. Growth 
started at 0.25 mm/6 h for all shrimp, then adjusted 
depending on the number of other shrimp that were in 
the cell with them (more shrimp lowered the growth 
rate because of other shrimp eating the food) and 
the water temperature in the cell (faster growth with 
warmer water until it was too warm), and was faster 
in vegetated cells than in open water cells. 

Mortality rate every 6 h depended on the size 
of the individual shrimp (larger shrimp have lower 
rates) and the number of cells the shrimp moved 
(shrimp are more vulnerable to being eaten when 
moving), and it was lower in vegetated cells because 
of protection from predators. Every 6 h, the different 
sources of mortality were computed and combined 
into a single total mortality rate for each shrimp. 
A random number between 0 and 1 was generated 
and compared to the probability of dying based on 
the total mortality rate. Dead shrimp were removed 



from the simulation and were no longer evaluated in 
future time steps for growth or movement. 

Movement is very tricky to model because we 
are just now learning about the details of fine-scale 
movement of animals. Measurements are now being 
made using electronic tags and other high tech meth- 
ods. So Haas et al. (2004) decided to use a series of 
rules to move individual shrimp around the grid of 
cells every 6 h and then compared the spatial patterns 
of their distributions to field data. Of course, just 
because the predicted and observed patterns agree 
does not mean that the rules are correct. There may 
be several sets of rules that result in similar spatial 
patterns. Without going into the details, Haas et al. 
(2004) modeled the process of movement by allowing 
each shrimp to look at cells neighboring its present 
location and try to go to the cell that would give it the 
fastest growth rate. Larger shrimp examined larger 
neighborhoods, and shrimp in water cells also looked 
at larger neighborhoods than those in vegetated cells. 
Only cells that had water were included as possible 
destinations. This meant that candidate cells to move 
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to were: vegetated cells at high tide; edge vegetated 
cells at low, rising, or high tide; and water cells all 
of the time. The movement rules were programmed 
in the computer code as a complicated series of IF- 
THEN condifional sfafemenfs, wifh all ending up in 
a shrimp eifher slaying in ifs presenf cell or moving 
fo a neighboring cell. 

The model was coded in fhe FORTRAN program- 
ming language, and simulafions were performed on a 
fasf personal compufer. The mafhemafics of fhe model 
is a series of difference equafions, wifh an equafion 
each for fhe lengfh of a shrimp, fhe sfafus (dead or 
alive) of a shrimp, and fhe currenf cell locafion of a 
shrimp. Wifh difference equafions, fhe solution fech- 
nique is simply fo go fhrough each shrimp every 
6 h and updafe fhe equafions based on fhe values 
from fhe previous fime sfep. This sounds easy, buf 
can be fricky, because fhe order in which fhe sfafe 
variables are updafed can affecf fhe predictions. The 
compufer code was abouf 3000 lines. Each simula- 
tion involved infroducing a fofal of 100,000 shrimps 
(spread over January fhrough May). These shrimp 
were added weekly, and once in fhe model, were 
evaluafed every 6 h for growfh, morfalify, and move- 
ment. The tidal stage of each cell was updafed every 
6 h based on whefher flooding occurred or nof, which 
was defermined once a day. 

21.4.2 Model Calibration 

The model was calibrafed by mosfly fweaking fhe 
movement rules until realistic behavior was obtained, 
especially whether the predicted spatial distribution 
of shrimp in fhe summer looked like fhe pattern 
inferred from field dafa. Haas ef al. (2004) adjusfed 
the sizes of fhe neighborhoods searched and ofher 
aspecfs of fhe movemenf, as well as fhe morfalify 
rates, until reasonable densities (numbers of shrimp 
per square mefers) were obfained over fime, and 
shrimp seemed fo be congregating in edge habi- 
faf, in agreemenf wifh fhe field dafa. They used fhe 
high edge with high vegetation map for calibrafion 
because mosf of fhe field dafa was from sampling 
on fhis fjq^e of marsh. There was nof much dafa 
available for a frue validafion using independenf 
dafa. 

Infroducing 100,000 shrimp, wifh fhe simulafed 
growth, mortality, and movement, resulted in peak 
densities in April of abouf 20 shrimp /m^ af high fide 
in edge cells, and averaged densities in vegefafed cells 
abouf eighf fimes fhose in open wafer cells and abouf 
fhree fimes higher in edge cells compared fo inferior 
marsh cells. Haas ef al. (2004) examined fhe model 
outpuf looking for pafferns in shrimp densifies by 



fide sfage and season in fhe different habitats (on the 
marsh, in the edge, and in open water). These values 
and patterns matched field dafa quife well. 

21.4.3 Model Results 

Once calibrated, Haas et al. (2004) used the model 
to simulate the number of shrimp reaching 70 mm 
on fhe four maps. All ofher factors, such as fempera- 
fure, pattern of weekly infroducfion of newly arrived 
shrimp, and flooding patterns, were mainfained fhe 
same; fhe only difference was fhe maps. 

Predicted percenfage of fhe 100,000 inifial shrimp 
fhaf survived fo reach 70 mm was higher in maps 
wifh high edge. Predicted survival was higher in 
maps wifh high edge (28% in low vegefafion and 31% 
in high vegefafion) compared fo fhe two maps wifh 
low edge (23% in low vegefafion and 24% in high 
vegefafion). Sleufhing in fhe model resulfs showed 
thaf fhe higher survival was due fo shrimp spending 
more fime in fhe edge cells, where fhey grew faster 
and had lower morfalify rates. 

Haas ef al. (2004) wenf on fo perform many 
more simulafions using fhe model and fhe four 
habifat maps. They reran fhe simulations by 
introducing 300,000 and 600,000 individuals to 
determine the effect of crowding on growfh, survival, 
and movemenf. They also reran fhe simulafions 
wifh alfernafive rules abouf movemenf, such as 
making fhe neighborhood searched smaller and 
larger. 

21.4.4 Lessons Learned 

The Haas ef al. (2004) analysis provided valuable 
information on fhe role of edge habifaf and marsh loss 
on shrimp survival and growfh. They were somewhaf 
surprised fhaf fhe differences in survival fo 70 mm 
among fhe four maps were nof larger. If fhe model 
is realisfic, fhe shrimp, af leasf in fhe virfual world 
of fhis model, are good af finding fhe edge habifaf, 
even on maps wifh relatively low edge and low 
vegefafion. Haas ef al. (2004) wenf on fo illusfrafe 
fhaf even fhis seemingly small change in survival fo 
70 mm can be biologically imporfant. They performed 
some simple calculations fhaf exfrapolated fhe model 
resulfs fo fhe entire coasf of Louisiana and showed 
thaf fhe difference befween fhe lowesf and highesf 
survival, if applied fo fhe entire coasf, would be a 
difference of abouf 36 million lb, or abouf the annual 
catch of shrimp in fhe Gulf of Mexico. The model of 
Haas ef al. (2004) also showed fhaf measuremenfs on 
fhe movemenf of shrimp on small scales (mefers and 
hours) would be a worfhwhile area fo pursue. Puffing 
fags and ofher devices on individual shrimp fo record 
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their movement is not quite possible yet, but will 
likely be in the next few years as the technology gets 
smaller. We need to confirm or rejecf fhe facf fhaf fhe 
shrimp can find edge habifaf as well as suggesfed by 
fhe movemenf rules encoded in fhe model. Finally, fhe 
analysis of Haas ef al. (2004) is a good example of fhe 
power of fhe individual-based approach in esfuarine 
modeling. Following fhousands of individuals, while 
compufafionally complicafed, made putting in fhe 
biology abouf movemenf and how shrimp are affecfed 
by fhe fine-scale spafial arrangemenf of fhe marsh 
cells very easy. 



21.5 MODELING ESTUARINE 
WATERSHED DYNAMICS 



Coasfal areas in fhe Mississippi delfa region are 
changing af unprecedented rates, with major dis- 
placement of fresh wafer vegefafion by more salinify- 
foleranf communities and subsfanfial loss of wefland 
resulfing in conversion of vegefafed areas info open 
wafer (Coleman ef al., 1998; Day ef al., 2000; Tomqvisf 
ef al., 2002). Within coastal Louisiana, wetland loss 
rates have ranged from 73 fo 102 km^/year (Gagliano 
ef al., 1981). These high rafes of coasfal land loss have 
prompfed much research over fhe pasf half cenfury 
on the root causes of fhis land loss (Deegan ef al., 1982; 
Penland and Ramsey, 1990; Brifsch and Dunbar, 1993) 
and much debafe of managemenf approaches on how 
fo address fhis problem (Templef and Meyer- Ardenf, 
1988). In large wafersheds, interactions among factors 
such as sea level rise, subsidence, climate variability, 
accretion, wetland elevation, wetland health and pro- 
ductivity, and water levels are most important in 
determining the long-term sustainability of coasfal 
weflands. Human impacfs, such as fhe leveeing of 
fhe Mississippi River, creafing impoundmenfs, and 
consfrucfing canals have alfered fhe hydrology, salin- 
ify, and sedimenf d 5 mamics of coasfal weflands. 
Among fhe mosf favored managemenf options are 
river diversions fhaf would restore fhe riverine inpufs 
fo more nafural conditions in order to preserve and 
enhance areas of delfaic weflands (Pezeshki and 
DeLaune, 1996; Coleman ef al., 1998; Martin ef al., 
2002 ). 

To help in assessing fhe effecfs of river diversions 
on wefland persisfence, a spatially explicif model of 
coasfal weflands was developed and applied fo fhe 
Caernarvon diversion projecf. The Caernarvon fresh 
wafer diversion ouflef is among fhe seven diversions 
currenfly in operation in fhe lower parf of Mississippi 
River. The Caernarvon diversion sfrucfure dominafes 
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FIGURE 21.6 Location of the Caernarvon basin where the 
watershed model was applied to simulate long-term plant 
community changes under different fresh water input sce- 
narios. 



the fresh wafer inpufs info fhe nearby watershed. The 
sfrucfure was complefed in 1991 and has had a dis- 
charge averaging 21 m^/s. In addition fo fhe pracfical 
applicafion of fhe model fo a real-life river diversion, 
fhe model was also used fo fesf our knowledge abouf 
how esfuarine weflands function over long term (Day 
ef al., 1997). The mosf importanf feature of fhis wafer- 
shed model was fhaf if simulated a broad geographic 
area (Fig. 21.6) and attempted to project how river 
pulsing of wafer would affecf fhe plant community in 
this region for 50 years into the future. 

21.5.1 Approach to Modeling 

The watershed model involved coupling or linking 
three separate modules or minimodels: hydrodynam- 
ics, soil d 5 mamics, and ecological productivity. The 
current version of fhe model is fhe lafesf in a long 
series of modifications fo a model originally pro- 
posed over 20 years ago (Sklar ef al., 1985; Cosfanza 
ef al., 1990). The original model has been repeafedly 
updated as better ecological information has become 
available (Sklar ef al., 2001; Martin ef al., 2002; Reyes 
ef al., 2004). The fhree modules perform fheir compu- 
fafions on each cell of a grid of cells (Fig. 21.7), and 
predicfed values can be exchanged among neighbor- 
ing cells. 

The hydrodynamics module computed wafer lev- 
els and depfh velocities and fhe fransporf of maferial 
(i.e., salf and sedimenfs) among fhe grid cells using 



Modeling Estuarine Watershed Dynamics | 531 




Zone Habitat type 

Intermediate marsh 
Fresh marsh 
Swamp 

l_l Brackish marsh 
IS3J Salt marsh 
Open water 
Upland 

N 



(a) 1988 USF&WS 



0 30 60 kms 

‘ » 



FIGURE 21.7 Habitat map for 1988 (a) estimated by the US Fish & Wildlife and (b) predicted by the watershed model. 



what is technically called a two-dimensional, verti- 
cally averaged, finite difference approach (Singh and 
Aravamuthan, 1995). Basically, the hydrod 5 mamics 
model simulates how water moves among the grid 
cells forced by tides, river discharge, and wind. The 
result is an updating of the water levels (including 
drying), water velocities, and flux of material for all 
cells in the grid every 12 min. In order to simulate 
water movement, the boundary conditions included 
fresh water input to the grid and the seasonal tidal 
height at the edge of the grid. These data were avail- 
able from field measurements. 

The soil d 5 mamics module computed the build- 
up of land or the development of open water for 
each grid cell every day. The change in the amount 
of sediments in each cell was the balance between 
the input of sediments from other cells, local organic 
peat deposition creating sediments, loss of sediments 
because of erosion, and the lowering of the elevation 
of the cell because of subsidence. The net effect of the 
computed changes in sediments was the determina- 
tion of the elevation of the land in each cell. This new 



elevation, coupled with the hydrod 5 mamic output, 
determined the water levels in a cell. 

The productivity module calculated the net pri- 
mary productivity for marsh and swamp plant com- 
munities on each grid cell every day. The ecological 
module computed the new values of biomass above 
ground and biomass below ground as a function 
of the present biomass, the maximum growth rate, 
and an environmental limiting function that accumu- 
lated daily information on temperature, water level, 
and salinity into a single monthly adjustment factor 
(Hopkinson et al., 1988; Mitsch, 1988; Nyman and 
DeLaune, 1991). 

Every 2 years, each grid cell was assigned a 
habitat t 5 ^e. There were seven possible habitat t 5 ^es 
allowed: intermediate marsh, fresh marsh, swamp, 
brackish marsh, salt marsh, open water, and upland. 
Daily environmental conditions (amount of sediment 
deposited, hours of flooding, salinity) and the amount 
of biomass present were tracked over the two years. 
At the end of each second year, the tallied information 
was used to assign a habitat t 5 rpe and a map of 
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habitat t 5 ^es was obtained. For example, if more than 
half of fhe counfs in fhe fally were open wafer, fhe 
cell was assigned as open wafer. This accumulafed 
information was also used to update the elevation 
and other aspects of each cell, which was fhen senf fo 
the hydrodynamic module to use for fhe nexf 2 years 
before being updated again. 

21.5.2 Model Calibration 

The watershed model applied to Caernarvon was cal- 
ibrated and validated using a multiple resolution fit 
analysis (Costanza, 1989) that compared actual habi- 
tat maps of plant communities to the maps simulated 
by the watershed model (Reyes et al., 2000, 2003; Mar- 
tin et al., 2002). The calibration was done by running 
the model for 10 years, using 1978 values as fhe sfarf- 
ing values. The resulfing map predicfed for 1988 was 
then compared to the USFWS habitat map measured 
in 1988 (Fig. 21.7). These 10-year calibration runs 
were repeated, varying the initial spatial parameters 
(elevation) and forcing funcfions (boundary salinify 
and fidal elevations). A summary fif index (Cosfanza, 
1989) was compufed, and fhe calibration resulfed in 
an index value of 94.1 ouf of a possible 100. The score 
of 94.1 was well above whaf is considered fhe accepf- 
able validation standard for fhis f5T’e of model (Reyes 
ef al., 2000, 2003; Martin ef al., 2002). 

21.5.3 Model Results 

Before 2001, fhe Caernarvon diversion discharge 
regime was used fo control salinity in the middle part 
of fhe basin by releasing low flows for long periods. 
Beginning in 2001, an experimental discharge (that 
we called pulsed) was implemented involving a high 
flow discharge followed by a no discharge for short 
periods. This high flow followed by no flow creafed 
a pulse in the fresh water input to the ecosystem. 
The calibrated model was used to predict the effects 
of differenf fresh wafer inpufs on fhe long-ferm 
planf communifies. The modeling resulfs of fhree 
fresh wafer inpuf scenarios are reporfed here. These 
scenarios were: no fresh wafer discharge (pre-1991 
condifions), inclusion of a scheduled discharge (as 
that used to control salinity), and pulsed discharged 
(Day et al., 2003). The no discharge scenario meant 
that the diversion was not used to add water to 
the system, but water still entered via rain and 
other natural processes. The total amount of wafer 
delivered fo fhe basin during fhe pulsed scenario 
is less fhan fhe fofal amounf discharged during fhe 
scheduled discharge scenario. For fhe scheduled 
and pulsed scenarios, fhe paffern of wafer releases 



was repealed year affer year for fhe 50 years of fhe 
simulation. 

Two comparisons were made using fhe resulfs of 
fhe simulations of fhe fhree scenarios. Bofh compar- 
isons used fhe predicfed map of fhe habifaf fypes in 
each cell in fhe grid af fhe end of fhe 50-year simula- 
fions. The firsf comparison used fhe simulafed resulfs 
and compared fhem fo fhe habifaf map of fhe same 
area esfimafed for 1988. The fofal areas of fhe differ- 
enf habifaf f 5 rpes (summed over fhe cells in year 50) 
for each of fhe fhree scenarios was compared fo fhe 
fofal areas compufed from fhe 1988 map. The second 
comparison involved comparing fhe spatial disfribu- 
fions of habifaf f 5 rpes in year 50 from fhe scheduled 
and pulsed scenarios fo fhe spatial disfribufion pre- 
dicfed under fhe no discharge scenario. Difference 
maps were used fo spatially analyze where habifaf 
changes would be predicfed fo occur (Fig. 21.8). A 
difference map was compufed by comparing cell by 
cell fhe predicfed habifat f}^es befween fhe no dis- 
charge and scheduled and befween the no discharge 
and pulsed maps. When a cell changed from fhe open 
wafer under fhe no discharge map fo brackish marsh 
under the other scenario, it was noted as blue, salt 
marsh to brackish marsh changes were noted in yel- 
low, and brackish marsh to salt marsh were noted as 
light green. 

Predicted total number of cells (or fofal area) of 
the different habitat t 5 rpes after 50 years under the 
three scenarios was quite similar (Table 21.2). Model 
results generally showed that adding fresh wafer, 
even fhe amounfs under fhe no discharge scenario, 
had a beneficial effecf on fhe marsh communifies. All 
fhree scenarios resulfed in more land habifaf and less 
open wafer habifat than was estimated from fhe 1988 
habifaf map. Under fhe no discharge scenario, open 
water area was reduced by 31 km^ compared to the 
1988 map, with brackish marsh presenting the largest 
gains (482-562, or a gain of 80 km^). The scheduled 
discharge scenario also resulfed in a nef gain of land 
compared fo fhe 1988 map, buf showed more increase 
in brackish marsh and less increase in sail marsh fhan 
was predicfed under fhe no discharge scenario. The 
pulsed scenario resulfed in very similar changes in 
habifaf areas as fhe no discharge scenario. 

The difference maps showed fhaf while fhe fofal 
amounf of habifaf change was similar among fhe 
fhree scenarios, fhere were some spafial differences 
in where fhese habifaf changes occurred (Fig. 21.8). In 
particular, fhe scheduled discharge scenario differed 
from fhe no discharge scenario in predicfing brackish 
marsh rafher fhan salf marsh (yellow) in fhe cenfral 
porfion of fhe wafershed and salf marsh rafher fhan 
brackish marsh (lighf green) in fhe norfhern porfion 
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No discharge 2037 




FIGURE 21.8 Predicted habitat maps for the no discharge, scheduled releases, and pulsed releases scenarios for year 50 
of model simulations. Also shown are the difference maps that compare cell by cell the predicted habitat map under no 
discharge in year 50 to the map under the scheduled scenario in year 50 and the no discharge to the pulsed scenario. The 
colors on the difference maps indicate the type of habitat changes that were predicted: open water to brackish marsh (blue), 
salt marsh to brackish marsh (yellow), and brackish to salt marsh (light green). 

TABLE 21.2 Comparison of habitat extension for future conditions (2037) under three different discharge regimes 



Habitat Extension (km^) 



Habitat type 


1988 USFWS Map 


No Discharge 


Scheduled Discharge 


Pulsed Discharge 


Intermediate marsh 


16 


2 


2 


2 


Fresh marsh 


60 


34 


34 


34 


Swamp 


43 


32 


32 


32 


Brackish marsh 


482 


562 


601 


562 


Salt marsh 


359 


362 


333 


361 


Open water 


2444 


2413 


2403 


2413 



of the watershed. When compared to the other two 
scenarios, the scheduled discharge scenario resulted 
in the most favorable conditions to preserve the spa- 
tial distribution of habitats and prevent further land 
loss. 



21.5.4 Lessons Learned 

The present watershed model provided a quantitative 
way to predict the large-scale and long-term effects of 
pulses of water on the plant community. The model 
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results illustrated how the timing and magnitude of 
water delivery can affect the spatial changes in habi- 
tat types while still resulting in similar total amounts 
of various habifaf types. The modeling results also 
confirmed fhe capabilify of fhe diversion to main- 
tain salinity downstream in the watershed, thereby 
reducing any further extension inland of fhe salf 
marsh habifat. Furfher fesfing of fhe pulsed discharge 
using the model is needed. Data used for fhe pulsed 
scenario was from only 2 years of dafa collecfion. 
Buf even wifh fhis limifed information, fhe model 
resulfs question fhe timing of fhe pulsed discharge 
that has been used to date. The pulse discharges so 
far were done during fhe lafe winfer fo early spring 
period. Furfher simulations could confribufe fo eval- 
uafe fhe pofenfial of delivering fhe pulses of wafer 
during fhe marsh growing season. Modeling of fhe 
effecfs of pulsed wafer releases musf proceed wifh 
some caution, because pofenfial negative effecfs, such 
as flood sfress fo fhe weflands and increased algal 
blooms (Day ef al., 1995), are nof explicifly consid- 
ered in the model. Watershed simulation models, 
such as the one described here, offer a powerful 
fool for evaluafing fhe cumulative effecfs of changes 
arising from global warming, cumulative impacfs, 
and fufure human development, and for evaluafing 
fhe pofenfial for fhe success of diverse managemenf 
sfrafegies (Reyes ef al., 1996, 2003; DeAngelis ef al., 
1998; Rybczyk ef al., 1998; Sklar and Browder, 1998). 

21.6 THE FUTURE 



The use of esfuarine modeling is accelerating as 
our knowledge abouf esfuarine ecosysfems expands, 
compufing power confinues fo increase, and fhe 
quesfions and issues of inferesf become ever more 
complex. We briefly described esfuarine modeling in 
this chapter and outlined a series of sfeps involved 
in mosf model applications. The fhree case sfudies 
illusfrafed how models are consfrucfed, fhe diverse 
mafhematics fhaf are used fo express models, and fhe 
power of modeling in addressing importanf environ- 
mental issues. We barely discussed the management 
applications of esfuarine models. For example, pop- 
ulation dynamics models are relied on for setting 
armual harvesting quofa for many fish and shellfish 
species in coasfal areas (Rose and Cowan, 2003). We 
are opfimisfic fhaf confinued efforf in modeling will 
lead fo improved undersfanding of esfuarine ecosys- 
fems, more informafive field and laborafory dafa, 
and beffer informed managemenf decisions. This is a 
challenge fhaf musf be mef as environmenfal prob- 
lems become more complex and we recognize more 



and more fhaf fhe physics, chemisfry, and biology of 
esfuaries are highly coupled. 
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Benthic pathways, estuarine ecosystem, 
311-312 
Benthos: 

abundance, biomass, and secondary 
productivity, 307-310 
boundary layer, water-sediment 
interfaces, 47-48 
defined, 303-305 

feeding type, life span and abundance, 
307-308 

functional groupings, 304, 306-307 
habitat-biota interactions, 313 
harvest and salinity tolerance, 319-320 
human impact, 318-322 
nepheoloid layer, biogeochemistry, 51 
optimal foraging profile, 319 
oxygen/hypoxia, 313-316 
predation, top-down and bottom-up 
control, 318 

recruitment and adult abundance, 
316-318 

salinity and environmental variation, 
303-306 

sampling techniques, 322-323 
size classification, 304-305, 308, 319 
substrate-benthic relationships, 312-313 
trophic interactions and ecological roles, 
310-312 

Binned means plots, ecosystem metabolism 
measurement, 390-391 
Bioaccumulation, toxic contaminants, 
human impact, 487 

Bioenergetic rates, food web models, 430 
Biogenic particulates, estuarine chemistry, 
43 

Biogenic reefs, nekton habitat, 334-335 
Biogeochemical cycles, 39-42 
benthic algae, 221 -223 
budget analysis, 452 
global biogeochemistry, 39 
mangrove wetlands nutrients, 184-189 
ocean food web, organic matter source 
and utilization, 271 -272 
redox chemistry, 40-42 
submersed vascular plants, 119-120 
thermodynamics and kinetics, 39-40 
Biogeography, mangrove wetlands, 
165-175 

global patterns, 165-170 
hydroperiod and waterlogged soils, 
170-172 

resources and regulators, 172-175 
soil interactions, 175 
vivipary, 170 

Biological quality index, benthos 
abundance, 322 
Biomarkers: 

food web models, 431 
organic matter characterization, 52-54 
Biomass: 

benthic algae: 

depth distribution, 208-210 
Diel cycle, 210-211 



energy regime, 210 
fauna facilitation, 223 
faunal biomass diversity and 
abundance, 222-223 
grazing, 218 

growth measurements, 212 
latitudinal geographic differences, 208 
light factors, 214-215 
nutrients, 215-218 
photosynthesis measurements, 
213-214 

seasonal cycle, 211-212 
spatial patterns, 208-210 
temporal patterns, 210-212 
benthos, 307-310 

coastal marsh productivity, 136-149 
flooding regime and rainfall, 145 
local productivity factors, 146-149 
marsh production factors, 143-149 
measurement methods, 140-143 
salinity, 145-146 
solar radiation, temperature, and 
evapotranspiration, 143 
tidal range, 143-145 
food webs: 

body-size spectra, 423-424 
energy flow 218-219 
organism abundance and model 
construction, 429-430 
mangrove wetlands, 180-184 
ocean food web, 266-267 
phytoplankton, nutrient overenrichment, 
99-100 

Biometrics, benthos distribution, 310 
Biotic factors: 
human impact: 

harvesting, 487-488 
species introduction, 488 
nekton growth, mortality and 

community structure, 350-351 
Bird species: 

estuarine ecology: 

adaptation mechanisms, 364-368 
bird foraging behavior and 
adaptation, 358-364 
climate change, 373-374 
coloration, 367 
competition, 369 

density-dependent processes, 368-369 
disease, 369-370 
diversity patterns, 357-358 
faunal endemism, 358-364 
fire effects, 374 
foraging behavior, 359-361 
functional diversity, 358 
herbivory, 370-372 
human impact, 375-377 
invasive species, 373-374 
limitation and regulation factors, 
368-370 

macroevolutionary shifts, 364 
nonbreeding functions, 364 
pollination and seed disposal, 372 
pollution effects, 374-375 
predation, 369 
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reproduction, 364 
salinity gradients, 365-367 
salt production and shrimp ponds, 375 
sea-level rise, 373 
seasonal use, 364 
social organization, 367-368 
tidal cycles and storm surges, 364-365 
top-down invertebrate population 
control, 372-373 
turbidity, 367 

submersed vascular plants, 120-121 
BOD bottles, ecosystem metabolism 
measurement, 386-387 
Body-size spectra, food webs, 423-424 
Bordigues model, lagoon-estuarine fisheries 
management, 473-476 
Bottom-up control: 

benthos communities, 318 
food webs, trophic cascades, 426 
phytoplankton distribution, 93 
Box models: 

budget analysis, 451 -452 
estuarine ecology modeling, 523-526 
Brown shrimp case study, estuarine ecology 
modeling, 527-530 
Brown tides, chyrsophytes, 88 
Budget analysis: 

definitions, 445-446 
estuarine ecosystems: 
budget construction, 444 
case studies, 450-457 
Chesapeake Bay organic carbon 

budget case study, 402, 454-455, 
461-462 

ecosystem metabolism, 390 
errors, mass and energy balance 
models, 448-450 
examples, 446-447 
LOICZ, 406 

mass balance vs. simulation, 448 
measurement scaling, 448 
mud analysis, 461 -462 
nitrogen export budget, 457-459 
nutrient losses, 459-461 
organism-scale nitrogen budget case 
study, 453-454 

research background, 443-445 
salt and water mass balances case 
study, 390, 450-452 
spatio-temporal factors, mass and 
energy budgets, 447 
unit variations, 450 
upside-down budget case study, 
455-457 

global biogeochemistry, 39 
mass balance applications, science and 
management, 457-462 
Buffer effect, estuarine wildlife population, 
368-369 

Bulk organic matter techniques, organic 
matter characterization, 52-53 

Carbon: 

benthic algae: 
export, 220-221 



storage, 219-220 

budget analysis, organic carbon budget, 
454-455 

coastal marsh biomass, flux 
measurements, 143 

dissolved and particulate organic carbon, 
transformation and cycling, 67-70 
ecosystem metabolism, 382-384 
organic carbon measurements, 
393-395 

estuarine cycling, 66-67 
fixation and mineralization, microbial 
estuarine ecology, 245 
mangrove wetlands exports, 182-184 
planktonic food web, 263-264 
submersed vascular plants, 117-118 
Carbon dioxide exchange: 

benthic algae productivity, 213 
climate change history and projections 
and, 498 

ecosystem metabolism, global carbon 
balance, 409 

estuarine chemistry, 66-68 
salt marshes, 140-142 
Carbon-to-nitrogen ratio: 

ecosystem metabolism, 393-395 
organic matter characterization, 53-54 
Carnivory, food webs, 418 
Catabolic pathway, estuarine chemistry, 54 
Catadromous fish, defined, 327-328 
Catch and yield statistics: 

commercial lagoon fisheries, 466 
comparisons of, 477-478 
fish population dynamics, lagoon 
fisheries, 471 -472 

Chemical interactions, estuarine chemistry, 
42-43 

Chemoautotrophs: 
food webs, 419-420 
microbial ecology, carbon fixation and 
mineralization, 245 
nitrogen cycling, 57-58, 405 
Chesapeake Bay system case study: 

budget analysis, organic carbon budget, 
454-455 

ecosystem metabolism, 401-405 
Chlorophytes, composition and function, 

87, 204-206, 209, 212-217 
Chromophoric dissolved organic matter 
(CDOM), biogeochemistry, 50-51 
Chrysophytes, composition and function, 88 
Ciliates, ocean food web, 264-265 
Circulation: 

estuarine circulation, 27-28 
gravitational circulation, 28-29 
tidal circulation, 29-30 
wind-driven circulation, 30-32 
Circulation-stratification diagram, estuarine 
systems, 34-35 

Citric acid cycle, estuarine chemistry, 54 
Climate change: 

benthic algae, 226-227 
coastal marsh management, 152-157 
conservation management and, 489-490 
ecosystem metabolism, 409-410 



estuarine wildlife ecology, 373-377 
eutrophication and hypoxia, 

phytoplankton effects, 100-101 
freshwater input, sediment transport, 
and nutrient delivery: 
ecosystem effects, 510-511 
fish population and fisheries 
production, 511 
projections, 501-502 
global scientific consensus, 512-513 
history and projections, 498-503 
human impact and conservation 
management issues, 512 
modeling of, 523-526 
phytoplankton dynamics, 98 
research background, 497 
sea level rise: 

ecosystem effects, 505-510 
eustatic and relative, 498-501 
storm frequency and intensity, 501 
temperature effects: 

ecosystem effects, 502-505 
projections, 498 

zooplankton, trophic interactions, 
293-294 
Coastal marshes: 

assessment, functions, and value of, 

151- 154 

bacterial abundance in, 238 
benthic algae, 206-207 
biomass and productivity factors, 
136-149 

flooding regime and rainfall, 145 
local productivity factors, 146-149 
marsh production factors, 143-149 
measurement methods, 140-143 
salinity, 145-146 
solar radiation, temperature, and 
evapotranspiration, 143 
tidal range, 143-145 
distribution and zonation, 132-136 
drainage basin patterns, 133-134 
global distribution, 129-130 
latitudinal patterns, 132-133 
local zonation patterns, 134-136 
features and typology, 130-132 
geographical distribution, 129-130 
habitat change and accretion factors, 
150-151 

human impact and management, 

152- 157 

services of, 148-149 

stability and productivity indicators, 152 
geomorphic indicator, 152 
physiological indicator, 152 
stress factors, ecophysiological response, 
149-150 

upstream alterations, 157 
worldwide classification, 130-131 
Coastal plain estuaries: 

cross-sectional profile, 23-24 
energy sources and stresses, 13-14 
geomorphic classification, 22-23 
Coastal plain salt marsh, geomorphic 
classification, 22 
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Colloids, dissolved salts sources and 

mixing, estuarine chemistry, 44-45 
Coloration, estuarine wildlife adaptation, 
367 

Commensalism, food webs, direct trophic 
interaction, 424-425 
Commercial fisheries: 

biotic structure alteration and, 487-488 
climate change and, 511 
estuarine wildlife ecology, 375-377 
lagoon-estuarine ecosystems: 
catch analysis, 466 
current and future trends, 478-479 
fish population dynamics, 466-474 
growth patterns, 467-470 
mortality rates, 470-472 
Russel's axiom, 466-467 
stock recruitment, 472-474 
habitat protection, 478 
management approaches, 474-479 
"bordigues" techniques, 475-476 
conventional management, 
474-475 
research, 465 

resource dynamics, uncertainty 
concerning, 476-478 
nekton life cycle, 327-328 
estuarine fisheries, 351-353 
shellfish production, benthos 
communities, 318-322 
Community collapse, benthic algae, 
225-226 

Community structure, nekton estuarine 
community, 347-352 
biotic factors, 351 
Competition: 

estuarine wildlife ecology, human 
interaction and, 375-377 
estuarine wildlife population cycles, 369 
food webs, direct trophic interaction, 
424-425 

Conceptual models, estuarine ecology, 
519-522 

Conformer strategies, benthos, 304-306 
Conservation management: 
coastal marshes, 152-157 
estuarine ecology, 16 
integrated coastal zone management 
(ICZM), 488-489 

lagoon-estuarine fisheries, 474-476 
mangrove wetlands, 191-195 
mass balance applications in, 457-462 
phytoplankton, 102-105 
Conservation of energy, budget analysis, 
446 

Conservation of mass/matter, budget 
analysis, 445-446 

Conservative constituent, estuarine 
chemistry, 42 

Consumers, food webs, 419-420 
consumption efficiency, 420 
Container incubation, ecosystem 

metabolism measurement, 386-387 
Control systems, ecosystem metabolism, 
cross-ecosystem comparisons, 406 



Copepods, taxonomy, 287 
Coral reefs: 

algal invasion, 226-227 
benthic algae, 208 

Coriolis effect, gravitational attraction, 
estuarine circulation, 29 
Cross-ecosystem comparisons, ecosystem 
metabolism, 405-409 
Cross-section view, generalized estuary, 
5-6 

Cross-shelf transport, zooplankton, 295 
Culture techniques, microbial 
measurements, 241 -242 
Currency factors, food web models, 
428-429 
Cyanobacteria: 

benthic cyanobacteria, 204, 207, 217, 

223 

climate effects on, 100-102 
composition and function, 86-87 
Cyptophytes, composition and function, 
87-88 

Dams, zooplankton impact, 299 
Dead zones, microbial nitrogen, 245-248 
Deamination, estuarine chemistry, 57 
Decomposition phase: 
bacterial decomposition, 

marine/ estuarine sediments, 
41-42 

microbial ecology, organic matter, 
253-255 

organic detritus, 51-52 
Deltas: 

coastal marshes, 131-132 
forcing and pulsing events, formation 
and sustainability, 14 
geomorphic classification, 22-23 
lagoon transition to, 20 
Denitrification: 

influence of algae, 221-222 
mangrove wetlands nutrients, 186-189 
microbial ecology, 247 
nitrogen cycling, 57-58 
Density-dependent regulation: 
benthos abundance, 317-318 
estuarine wildlife population, 368-369 
Depth distribution, benthic algae, 208-210 
Detrital degradation, bacterial 
decomposition, 254-255 
Detrital food web, 7 

mangrove wetlands, 182-184 
Detritial pathway, benthic algae, 221 
Detritus, food webs, 418 
importance of, 427-428 
Development capacity, food web models, 
434 

Diadroms, defined, 327-328 
Diagenesis, water-sediment interfaces, 
48-49 
Diatoms: 

benthic algae, 204, 206 
composition and function, 88-89 
Diazotrophs, microbial ecology, nitrogen 
fixation, 247-248 



Diel cycle: 

benthic algae productivity, 210-211 
ecosystem metabolism, 397, 387-388 
Dilution rate, ocean food web, water 
residence time, 273-275 
Dinoflagellates, composition and function, 
89 

Direct epifluorescence microscopic counts: 
bacterial abundance, 238 
viral abundance, 239-240 
Disease, estuarine wildlife population 
cycles, 369-370 

Disordering energies, ecosystem 
characterization, 11-14 
Dispersive transport, estuarine circulation, 
32 

Dissimilatory nitrate reduction to ammonia 
(DNRA), microbial ecology, 247 
Dissimilatory sulfate reduction, microbial 
ecology, 250 

Dissociation constants, phosphoric acid, 
59-60 

Dissolved inorganic carbon (DlC): 
benthic algae productivity, 213 
submersed vascular plants, 115-116 
Dissolved inorganic nitrogen (DIN): 
ecosystem metabolism, 393-395 
estuarine chemistry and phytoplankton 
distribution, 93-94 

Dissolved inorganic phosphorus (DIP): 
ecosystem metabolism measurement, 
transport-transformation model, 
390-391 

estuarine chemistry, 61-62 
Dissolved organic carbon (DOC): 
carbon transformation and cycling, 
67-70 

benthic algae, 221 
mangrove wetlands, 182-184 
microbial food web, 263-265 
ocean food web, organic matter source 
and utilization, 271 -272 
zooplankton, trophic interactions, 
292-294 

Dissolved organic matter (DOM): 
biogeochemistry, 49-54 

biomarker organic characterization, 
52-54 

bulk organic matter techniques, 
52-53 

isotopic mixing models, 53-54 
molecular biomarkers, 54 
organic detritus, 51-52 
particulate and dissolved organic 
matter, 49-51 

biomarker characterization, 52-54 
gases, atmosphere-water exchange, 
45-47 

mangrove wetlands, 182-184 
microbial food web, 263-265 
ocean food web, 265-266 

bacterial consequences, 272-273 
tracing sources and utilization, 
271-272 

organic matter, 49-51 
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carbon transformation and cycling, 
67-70 

benthic algae, 221 
reactivity, estuarine waters, 42 
salt sourcing and mixing, estuarine 
chemistry, 44-45 
sources, 49-50 

zooplankton, eutrophication and 
pollution, 298-299 
Dissolved organic nitrogen (DON): 
benthic algae biogeochemistry, 221 
estuarine chemistry, 56-58 
Dissolved organic phosphorus (DOP), 
estuarine chemistry, 59-60 
Dissolved oxygen (DO): 

ecosystem metabolism, 382 

open-water changes, measurement of, 
387-389 

estuarine ecology modeling, 523-526 
mangrove wetlands, hydroperiod, 
171-172 
nekton species: 

adaptation, 329-330 
growth, mortality and community 
structure, 348-350 
Distributional patterns: 
benthos, 307-310 
nekton habitat, 335-336 
zooplankton, 289-290 
Diversity patterns, estuarine wildlife 
ecology, 357-358 

Down-core profiles, estuarine chemistry, 
69-70 

Drainage basin patterns, coastal marshes, 
133-134 

Dynamic boundaries, estuarine 
geomorphology, 21 

Dynamic classification, estuarine systems, 
33-34 

Dynamic simulation, food web models, 436 

Ecogeomorphology, mangrove wetlands, 
175-178 

Ecological engineering, conservation 
management and, 490-491 
Ecological network analysis (ENA), food 
web models, 433-434 
Ecological pyramid, food webs, 421 
Economic issues: 

algal blooms, 103-105 
conservation management and, 489-491 
Ecosim software, food webs, 436 
Ecosystem characterization: 
benthos, 310-312 
functional classification, 11-14 
habitat characterization, 9-11 
human impact classification, 483-484 
mangrove wetlands, 175-178 
metabolism: 

basic principles, 381-382 
Chesapeake Bay system case study, 
401-404 

climate change effects, 409-410 
coastal ecosystem and global carbon 
balance, 409 



cross-ecosystem comparisons, 

405- 409 

definitions and concepts, 383-385 
eutrophication effects, 407-409 
inorganic nutrients, organic carbon, 
and toxic contaminants, 393-395 
light and water clarity, 391-392 
measurement techniques, 385-391 
container incubation, 386-387 
direct air-water gas exchange, 

389- 390 

input-output budgets, 390 
metabolite open-water changes, 
387-389 

transport-transformation models, 

390- 391 

organic matter exchanges, 395 
Parker River-Plum Island Sound case 
study, 399-401 
regulating factors and 

spatial/temporal patterns, 

391-397 

river flow, flushing, and wind, 
395-396 

Scheldt estuary, 404-405 
temperature, 392-393 
Tomales Bay case study, 397-399 
trophic state and dominant controls, 

406- 407 
water depth, 397 

microbial ecology, 253-255 
nekton habitat, 332-337 
submersed vascular plants, 118-122 
Eddy viscosity, estuarine mixing, 32-33 
"Effective" river concentration, estuarine 
chemistry, 42 

Ekman transport, wind-driven circulation, 
30-32 

Endemism, estuarine fauna, 358-359 
Energy budgets: 

error estimates, 448-450 
spatio-temporal patterns, 447 
Energy flow: 

benthic algae, 218-221 
estuarine ecosystem, 7-9, 12-13 
primary producers, 311-312 
food webs, 418 

Energy-flow diagram, estuarine structure, 
8-9 

Energy regime, benthic algae, 210 
Energy return in investment (EROI), 
conservation management and, 
490-491 

Energy scarcity, conservation management 
and, 489-490 

Energy sources, ecosystem characterization, 
11-14 

Energy stresses, ecosystem characterization, 
11-14 

Enrichment, human impact classification, 
484-485 

Entrainment, human impact and biotic 
structure alteration, 488 
Environmental impact: 
benthic algae, 223-227 



climate change, 226-227 
eutrophication, 223-225 
invasions, 225-226 
benthos variation, 303-306 
conservation management and, 489-490 
mangrove wetlands, 191-192 
nekton estuarine community, 351 
Epibenthos, defined, 303 
Epifauna, defined, 303 
Equilibrium conditions, coastal marshes, 
151-152 

Equilibrium life history strategists, nekton 
taxa, 345-346 
Epilithic algae, 207 
Epipelic algae, 206 
Epipsammic algae, 205-206 
Equilibrium models, estuarine 

thermodynamics and kinetics, 39-40 
Errances, lagoon-estuarine fisheries 
management and, 475 -476 
Error estimates, budget analysis, 448-450 
Estimation techniques, budget analysis, 
448-450 

Estuarine chemistry: 

biogeochemical cycles, 39-42 
global biogeochemistry, 39 
redox chemistry, 40-42 
thermodynamics and kinetics, 39-40 
macronutrient cycling, 54-70 
carbon cycling, 66-67 
dissolved and particulate organic 
carbon, 67-70 
nitrogen sources, 54-55 
nitrogen transformations, 55-58 
phosphorus cycling, 61-62 
phosphorus sources, 59-60 
sediment-water exchange, dissolved 
nitrogen, 58-59 

sediment-water phosphorus fluxes, 
60-61 

silica cycling, 62-63 
silica sources, 62 
sulfur cycling, 64-66 
sulfur sources, 63-64 
mangrove wetlands, biogeography, 
165-170 

mixing and particle effects, 42-47 
dissolved constituent reactivity, 42 
dissolved gases and 

atmosphere-water exchange, 
45-47 

dissolved salts sources and mixing, 
44-45 

salinity measurement, 45 
suspended particulates and chemical 
interactions, 42-43 

organic matter biogeochemistry, 49-54 
biomarker organic characterization, 
52-54 

bulk organic matter techniques, 
52-53 

isotopic mixing models, 53-54 
molecular biomarkers, 54 
organic detritus, 51-52 
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Estuarine chemistry (Continued) 

particulate and dissolved organic 
matter, 49-51 

water-sediment interfaces, 47-49 
diagenesis, 48-49 
turbidity maximum, benthic 

boundary layer and fluid muds, 
47-48 

Estuarine dissolved organic matter (DOM), 
biogeochemistry, 49-51 
Estuarine ecology: 
aphotic zone, 6 
circulation, 27 -28 
cross-section view, 5-6 
definitions, 2-4 

ecosystem characterization, 9-11 
ecosystem functional classification, 
11-14 

energy-flow diagram, 8-9 
euphotic zone, 6 
food web characteristics, 6-8 
future trends in, 17 
geological context, 14 
habitat types, 9-14 
human impacts and management, 16 
longitudinal section, 6 
modeling techniques: 
analysis, 522-523 
conceptualization, 520-521 
formalization, 520-521 
future trends, 534 

Gulf of Mexico case study, 523-526 
implementation, 521 -522 
marsh habitat and brown shrimp 

production case study, 527-530 
model classification, 519-520 
parameterization, 522 
research background, 519 
validation, 522 

watershed dynamics case study, 
530-534 

nekton adaptation, 329-332 
productivity, 15-16 
research background, 1-2 
subsystem organization, 4 
top view, 4-5 
vertical distribution, 5-6 
Estuarine "filter" concept, algal blooms, 
103-105 

Estuarine mixing: 
diagrams, 33 

dynamic classification, 33-34 
processes, 32-33 

Estuarine turbidity maximum (ETM). See 
also Turbidity 

water-sediment interfaces, 47-48 
zooplankton, trophic interactions, 
292-294 

Euphotic zone, generalized estuary, 5-6 
Eustatic sea level rise (ESLR): 
ecosystem effects, 505-510 
projections, 499-501 
Eutrophication: 

benthic algae, 223-225 



ecosystem metabolism, cross-ecosystem 
comparisons, 407-409 
human impact and, 484-485 
ocean food web, 269-271 
phytoplankton dynamics, 99-102 
zooplankton, 298-299 

Facultative anaerobes, microbial ecology, 
247 
Fauna: 

benthic algae feedback: 

diversity and abundance, 222-223 
facilitation by, 223 

endemism, estuarine fauna, 358-359 
Feedback, benthic algae, 221-223 
Feeding adaptation. See also Food chains; 
Food webs 

food web models, 430-431 
nekton community, 330-331 
biotic factors, 350-351 
growth, mortality and structure, 
348-352 

Feeding grounds, nekton habitat, 335 
Tick's laws of diffusion, water-sediment 
interfaces, 48-49 

Filter feeding, nekton behavior, 350 
Fire, estuarine wildlife ecology, 374 
First-order estimation, budget analysis, 
449-450 
Fish species: 

climate change, ecosystem effects, 
503-505 

nekton taxa, 339-343 
submersed vascular plants, 121-122 
Fjiirds, geomorphic classification, 25 
Fjords, geomorphic classification, 24-26 
Flagellates, ocean food web, 264-265 
Flocculation, reactivity, estuarine waters, 42 
Flooding regime: 

climate change, storm frequency and 
intensity projects, 501 
coastal marshes, 145 
nekton habitat, 336-337 
zooplankton, 289-290 
FlowCAM, zooplankton sampling, 295-296 
Fluid muds, water-sediment interfaces, 
47-48 

Fluorescence in situ hybridization, 

microbial measurements, 242-243 
Flushing rate: 

ecosystem metabolism, 395-396 
ocean food web, water residence time, 
273-275 

Flux, global biogeochemistry, 39 
Food chains: 

food web and, 417-418 
length properties, 420-421 
projection to, 421-422 
submersed vascular plants, 120-121 
Food-limited growth, nekton estuarine 
community, 351 
Food web: 

analytical applications, 436-437 
biomass body-size spectra, 423-424 
detritus, role of, 427-428 



direct trophic interactions, 424-425 
ecological pyramids, 421 
estuarine structure, 6-8 
food chains and, 417-418 
length properties, 420-421 
projection to, 421-422 
functional groups and trophic guild, 
418-419 

indirect trophic interactions, 425, 

435-436 

mangrove wetlands, 189-191 
Meiofauna, 207, 218 
microbial estuarine ecology: 

bacterial consequences, 272-273 
ocean, 264-268 

biomass and productivity, 266-267 
dissolved organic matter, 265-266 
grazing, 267-268 
organisms, 264-265 
organic matter sources, 271-273 
overview, 263-264 
primary productivity, 268-271 
bacterial growth efficiency, 269 
eutrophication, 269-271 
phytoplankton cell size, 268-269 
water residence time reduction, 
273-275 

model construction, 428-432 
bioenergetic rates, 430 
food habits, 430-431 
node composition, 428-429 
organism abundance and biomass, 429 
scale and currency selection, 428 
stable isotope labeling, 431-432 
nekton adaptation, 330-331 
planktonic: 

carbon flow, 263-264 
zooplankton abundance, 293-294 
quantitative analysis, 432-436 
dynamic simulation, 436 
indirect interactions, 435-436 
mass balance, 434 
total system properties, 434 
trophic structure, 434-435 
spatial mosaic, coastal habitat, 426-427 
trophic cascades, 426 
trophic efficiencies, 420 
trophic spectra, 422-423 
trophic theory, 424-426 
Foraging behavior: 

estuarine birds, 359-361 
estuarine wildlife adaptation, 367-368 
food web models, 430-431 
Forcing events, delta formation, 14 
Foundation species, benthos communities, 
313 

Frequency distribution, fish population 
dynamics, 466-467 
Fresh water diversion: 
climate change and: 

ecosystem effects, 510-511 
projections, 501-503 
estuarine ecology modeling, 530-534 
zooplankton impact, 299 
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Fresh water residence time, ecosystem 
metabolism, 396 

Fulvic acids, biogeochemistry, 50-51 
Functional-form groups: 
benthic algae, 205-206 
benthos, 306-307 

estuarine wildlife diversity, 358-359 
food webs, 418-420 
nekton habitat, 336-337 
Fungi, microbial estuarine ecology, 238-239 

Geographic scale, benthic algae, 208 
Geological context, estuarine ecosystem, 14 
Geomorphology: 

coastal marsh productivity, 152 
estuarine ecosystems: 
classical estuaries, 22 
coastal indentations, 21 
coastal plain salt marsh, 22 
definitions, 20-21 
deltaic estuaries, 22-23 
dynamic boimdaries, 21 
estuarine typology, 22 
fjord-like fjards, 25 
fjords, 24-25 
glaciation cycles, 19-20 
lagoon-delta transition, 20 
lagoons, 23-24 
research background, 19 
subterranean estuaries, 25-26 
tectonically caused estuaries, 25 
water balance, 21-22 
Glaciation cycles, estuarine 
geomorphology, 19-20 
Global biogeochemistry, biogeochemical 
cycles, 39 

Global carbon balance, ecosystem 
metabolism and, 409 
Global patterns, mangrove wetlands, 
biogeography, 165-170 
Glycolysis, estuarine chemistry, 54 
Gravitational attraction, estuarine 
circulation, 28-29 
Grazing: 

benthic algae, 218, 220 
estuarine food web, 7 
estuarine wildlife ecology, herbivory, 
370-372 
food web, 7 
nekton behavior, 350 
ocean food web, 267-268 
Greenhouses, phytoplankton dynamics, 
100-102 

Gross growth efficiency, food webs, 420 
Gross photosynthesis, submersed vascular 
plants, 116-117 
Growth measurements: 

benthic algae productivity, 212 
nutrients, 217-218 
fish population dynamics, lagoon 
fisheries, 467-470 

nekton estuarine community, 347-352 
Gulf of Mexico model, estuarine ecology, 
523-526 



Gut contents analysis, food web models, 
430-431 

Habitat-biota interactions, benthos 
communities, 313 
Habitat characteristics: 
benthic algae, 206-208 
climate change, sea level rise, 506-510 
coastal marsh accretion and, 150-151 
estuarine ecosystem, 9-14 
modeling of, 530-534 
food webs, spatial mosaic, 426-427 
lagoon-estuarine ecosystems, habitat 
protection, 478 
nekton, 332-337 

estuarine habitat, 333-335 
functional relationships, 336-337 
species abundance-habitat 
relationships, 343-344 
species richness and distribution, 
335-336 

usage patterns, 335 
submersed vascular plants, 120-121 
Habitat utilization index (HUl), nekton 
habitat, 336-337 

Halmyrolysis, water-sediment interfaces, 
48-49 

Hard-bottom habitats: 
benthic algae, 207-208 
nekton habitat, 334 
Harvesting activities, biotic structure 
alteration and, 487-488 
Health issues, algal blooms, 102-105 
Henry's law of equilibrium distribution, 
dissolved gases, atmosphere-water 
exchange, 46-47 
Herbivory: 

benthic algae storage, 220 
estuarine wildlife ecology, 370-372 
food webs, 418 

phytoplankton control, 97-98 
Heterotrophs, food webs, 419-420 
High throughput DNA sequencing, 

microbial measurements, 242-243 
Holoplankton: 

phytoplankton, 285-286 
zooplankton, 287 
Horizontal transport, ecosystem 
metabolism, 395 
Human impact: 

benthos communities, 318-322 
biotic structural changes: 
harvesting, 487-488 
species introduction, 488 
climate change: 

coastal wetlands management and, 
512 

sea level rise projections, 499-501 
coastal marsh management, 152-157 
conservation management, 488-491 
climate change and energy scarcity, 

489- 490 

ecological engineering and economics, 

490- 491 



integrated coastal zone management, 
488-489 

socioeconomic development, 491 
sustainability principles, 491 
estuarine ecosystem, 16 
estuarine wildlife ecology, 373-377 
impact classification, 484 
mangrove wetlands, 191-192 
nutrient enrichment and eutrophication, 
484-485 

organic matter deposition, 485 
physical alterations, 485-486 
phytoplankton dynamics, 98 
research background, 483-484 
submersed vascular plants, 122-123 
thermal additions, 485 
toxins, 487 

zooplankton, 297-299 

eutrophication and pollution, 298-299 
introduced species, 297-298 
Humic acids, biogeochemistry, 50-51 
Humic geopolymers, decomposition, 51-52 
Humic substances, biogeochemistry, 50-51 
Hunting, estuarine wildlife ecology and, 
375-377 

Hydrodynamics, nekton species, 349-350 
Hydrogen sulfide, mangrove wetlands, 
174-175 

Hydroperiod, mangrove wetlands, 170-172 
Hydrophobic organic micropollutants 
(HOMs), estuarine chemistry, 43 
Hyperbenthos, defined, 303 
Hypoxia/anoxia: 

benthos communities, 313-316 
ecosystem metabolism, 402-403 
estuarine ecology modeling, 523-526 
ocean food web, eutrophication, 270-271 
phytoplankton effects, 100-102 

Income breeders, nekton taxa, 345 
Inlet continuum, coastal and estuarine 
geomorphology, 19-20 
Inorganic carbon, submersed vascular 
plants, 117-118 

Integrated coastal zone management 
(ICZM), principles of, 488-489 
Intertidal wetlands: 

estuarine ecosystem, 16 
mangrove adaptation, 172-173 
nekton habitat, 334 
Introduced species: 

estuarine wildlife ecology, herbivory, 
371-372 

human impact and, 488 
zooplankton, 297-298 
Invasive species: 

benthic algae, 225-226 
estuarine wildlife ecology, 373-374 
human impact classification, 484, 488 
nekton estuarine community, 351 
Invertebrate populations, estuarine wildlife 
ecology, top-down control, 372-373 
Iron, microbial ecology, 251 -252 
Isotope fractionation, microbial estuarine 
ecology, 244 
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Isotopic mixing models, organic matter 
characterization, 53-54 

Keystone species, food webs, indirect 
trophic interaction, 425 
Kinetics, biogeochemical cycles, 39-40 

Lagoon ecosystems: 
commercial fisheries: 
catch analysis, 466 
current and future trends, 478-479 
fish population dynamics, 466-474 
growth patterns, 467-470 
mortality rates, 470-472 
Russel's axiom, 466-467 
stock recruitment, 472-474 
management approaches, 474-479 
"bordigues" techniques, 475-476 
conventional management, 

474-475 
research, 465 

resource dynamics, uncertainty 
concerning, 476-478 
estuarine geomorphology, delta 
transition, 20 
example of, 24-25 
geomorphic classification, 23-24 
nekton seasonal abundance patterns, 337 
Laminar zone, dissolved gases, 

atmosphere-water exchange, 46-47 
Landform conditions, mangrove wetlands, 
177-178 

Land-Ocean Interaction in the Coastal Zone 
(LOICZ) project, ecosystem 
metabolism measurement, 
transport-transformation model, 
390-391 

Laser optical plankton counter (LOPC), 
zooplankton sampling, 295 
Latitudinal patterns: 
benthic algae, 208 
coastal marshes, 132-133 
zooplankton, 292 
Leaching phase, organic detritus 
decomposition, 51-52 
Leaf fall, mangrove wetlands, 181-184 
Lenticels, mangrove wetlands, 171-172 
Life cycles and histories, nekton strategies, 
336-345 
Light: 

benthic algae: 

productivity and composition, 
214-215 

regime divisions, 209-210 
ecosystem metabolism measurement, 
391-392 

phytoplankton productivity and 
composition, 93-95 
submersed vascular plants, 116 
Light detection and ranging (LIDAR), 
coastal marsh biomass, 143 
Lindeman trophic aggregation, food webs, 
435 

Lithogenic particles, estuarine chemistry, 43 



Litter fall: 

chemical constituents, 253-255 
mangrove wetlands, 181-184 
Local effects: 

coastal marshes, zonation patterns, 
134-136 

coastal marsh productivity, 146-149 
human impact, 485-486 
wind-driven circulation, 30-32 
Longitudinal section: 

bacterial distribution, 236-237 
generalized estuary, 6 

Macrobenthos, population distribution, 
320-321 

Macroevolutionary shifts, estuarine ecology 
and, 364 

Macronutrient cycling, estuarine chemistry, 
54-70 

carbon cycling, 66-67 
dissolved and particulate organic carbon, 
67-70 

nitrogen sources, 54-55 
nitrogen transformations, 55-58 
phosphorus cycling, 61-62 
phosphorus sources, 59-60 
sediment-water exchange, dissolved 
nitrogen, 58-59 

sediment-water phosphorus fluxes, 

60-61 

silica cycling, 62-63 
silica sources, 62 
sulfur cycling, 64-66 
sulfur sources, 63-64 
Manganese, microbial ecology, 251-252 
Mangrove wetlands: 

biogeography and adaptations, 165-175 
global patterns, 165-170 
hydroperiod and waterlogged soils, 
170-172 

resources and regulators, 172-175 
soil interactions, 175 
vivipary, 170 

biomass and productivity, 179-184 
classification and typology, 167-169 
conservation and management, 193-195 
ecogeomorphology, 175-178 
ecosystem structure and function, 
175-178 

food webs, 189-191 

geomorphological classification, 177-178 
hierarchical classification of, 175-177 
human impact and management, 

191-193 

nekton habitat, 333-334 
nekton seasonal abundance patterns, 337 
nutrient biogeochemistry, 184-189 
shrimp ponds and, 375 
zonation and succession, 178-179 
Marcet's principle, estuarine chemistry, 45 
Marshes, benthic algae, 206-207 
Mass balance studies: 

budget analysis, estuarine ecosystems: 
budget construction, 444 
case studies, 450-457 



Chesapeake Bay organic carbon 
budget case study, 454-455 
errors, mass and energy balance 
models, 448-450 
examples, 446-447 
mass balance vs. simulation, 448 
measurement scaling, 448 
mud analysis, 461-462 
nitrogen export budget, 457-459 
nutrient losses, 459-461 
organism-scale nitrogen budget case 
study, 453-454 

research background, 443-445 
salt and water mass balances case 
study, 390, 450-452 
spatio-temporal factors, mass and 
energy budgets, 447 
unit variations, 450 
upside-down budget case study, 
455-457 

ecosystem metabolism, 390-391 
food web models, 434 

Material flows, microbial estuarine ecology, 
244-245 

Mathematical models, estuarine ecology, 
519-520 

Mean high tide (MHT), coastal marsh 
accretion and, 150-151 
Measurement techniques: 
budget analysis, 448 
coastal marsh productivity, 140-143 
ecosystem metabolism, 385-391 
container incubation, 386-387 
direct air-water gas exchange, 

389- 390 

input-output budgets, 390 
metabolite open-water changes, 
387-389 

transport-transformation models, 

390- 391 

Mechanistic models, estuarine ecology, 520 
Meroplankton, 285-286 
Mesohaline zone, generalized estuary, 5 
Metabolism: 

coastal ecosystems: 

basic principles, 381 -382 
Chesapeake Bay system case study, 
401-404 

climate change effects, 409-410 
coastal ecosystem and global carbon 
balance, 409 

cross-ecosystem comparisons, 

405-409 

definitions and concepts, 383-385 
eutrophication effects, 407-409 
inorganic nutrients, organic carbon, 
and toxic contaminants, 393-395 
light and water clarity, 391-392 
measurement techniques, 385-391 
container incubation, 386-387 
direct air-water gas exchange, 
389-390 

input-output budgets, 390 
metabolite open-water changes, 
387-389 
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transport-transformation models, 
390-391 

organic matter exchanges, 395 
Parker River-Plum Island Sound case 
study, 399-401 
regulating factors and 

spatial/ temporal patterns, 
391-397 

river flow, flushing, and wind, 
395-396 

Scheldt estuary, 404-405 
temperature, 392-393 
Tomales Bay case study, 397-399 
trophic state and dominant controls, 
406-407 
water depth, 397 
estuarine chemistry, 53-54 
Metals, estuarine chemistry, 43 
Metazoan grazers, food web, microbial 
estuarine ecology, 275-279 
benthic and surface-associated grazers, 
276-279 

pelagic grazers, 275-276 
Michaelis-Menten equation, benthic algae 
nutrient uptake and storage, 216-217 
Microbial estuarine ecology: 
ecosystem processes, 253-255 
elemental transformations, 244-253 
assimilatory sulfate reduction, 248 
carbon fixation and mineralization, 
245 

denitrification, 247 
dissimilatory nitrate reduction, 247 
dissimilatory sulfate reduction, 250 
iron, 251-252 
manganese, 251-252 
nitrification, 245-246 
nitrogen, 245-248 
nitrogen fixation, 247-248 
phosphorous, 252-253 
sulfur, 248-251 

oxidation, 248-250 
volatile sulfur compounds, 250-251 
microscopic organisms, 235-240 
bacteria and archaea, 236-238 
fungi, 238-239 
viruses, 239-240 

morphology, size and architecture, 
236-237 

nutrient cycling, 253 
observation and measurement 
techniques, 240-244 
culturing, 241-242 
microbial activity measurements, 
243-244 

microscopy, 240-241 
molecular methods and molecular 
genetics, 242-243 
organic matter and decomposition, 
253-255 

organism abundance and wet weight, 
267 

productivity, 253 
structural analysis, 240-242 
Microbial food web, 7 



bacterial consequences, 272-273 
metazoan grazers, 275-279 

benthic and surface-associated 
grazers, 276-279 
pelagic grazers, 275-276 
ocean, 264-268 

biomass and productivity, 266-267 
dissolved organic matter, 265-266 
grazing, 267-268 
organisms, 264-265 
organic matter sources, 271 -273 
overview, 263-264 
primary productivity, 268-271 
bacterial growth efficiency, 269 
eutrophication, 269-271 
phytoplankton cell size, 268-269 
suspended particles, 279-280 
temperature and salinity, 280-281 
water residence time reduction, 273-275 
Microbial loop, zooplankton, trophic 
interactions, 292-294 
Microphytobenthos, 203-204, See Benthic 
microalgae 

Microscopy, microbial measurements, 
240-241 

Microtidal marshes, characteristics, 131-133 
Migration, nekton habitat, 335 
Minimal light requirements, submersed 
vascular plants, 116 

Mixed trophic impacts, food web models, 
436 

Mixing diagrams, estuarine systems, 33 
Mixing processes, estuarine systems, 32-33 
circulation-stratification diagram, 34-35 
dynamic classification, 33-34 
mixing diagrams, 33 

Mixing zone, estuarine geomorphology, 21 
Molecular biomarkers: 

microbial measurements, 242-243 
organic matter characterization, 54 
Molecular genetics, microbial 
measurements, 242-243 
Monod model, mangrove wetlands, 175 
Mortality rates: 

estuarine ecology modeling, 527-530 
fish population dynamics, lagoon 
fisheries, 470-472 

nekton estuarine community, 347-352 
Mud/sandflats: 

benthic algae, 206-207 
budget analysis, 461-462 
Mutualism, food webs, direct trophic 
interaction, 424-425 
Mysids, taxonomy, 287-288 

Narragansett Bay, RI case study, 

upside-down budget analysis, 
455-457 

Natural levees, distribution and 
characteristics, 132 

Nature's pulsing paradigm, ecosystem 
characterization, 14 
Nearshore tidal zone, estuarine 
geomorphology, 21 
Nekton: 



adaptations, 328-332 

estuarine adaptations, 329-330 
feeding adaptations and food web, 
330-332 

basic properties, 327-328 
climate change effects, 511 
commercial fisheries, 327-328, 352-353 
estuarine life cycles, 347-352 

growth, mortality and community 
structure, 347-352 
abiotic factors, 347-350 
biotic factors, 350-352 
year class success measurements, 347 
fish families, 339-343 
habitats, 332-337 

estuarine ecosystems, 333-335 
functional relationships, 335-336 
functions of, 335 

species richness and distribution, 
335-336 

life cycles and histories, 336-343 
maturation length and abundance, 346 
recruitment scenarios for, 347-348 
representative taxa, 343-347 
seasonal abundance patterns, 337 
species abundance-habitat relationships, 
343-344 

species richness distribution, 335-336 
Net autotrophy, ecosystem metabolism, 395 
Net ecosystem production, budget analysis, 
450-452 

Net growth efficiency, food webs, 420 
Net photosynthesis, submersed vascular 
plants, 117-118 

Net primary production (NPP), coastal 
marsh biomass, 137-143 
Nitrification: 

estuarine chemistry, 57 
microbial ecology, 245-246 
Nitrogen: 

budget analysis: 

construction principles, 444 
estuary export analysis, 457 -459 
organism-scale nitrogen budget, 
453-454 

cyanobacteria composition, 86-87 
estuarine sources, 54-55 
inorganic / organic transformations, 
55-58 

mangrove wetlands nutrients, 186-189 
microbial ecology, 245-248 
fixation, 247-248 
sediment-water exchange, 58-59 
Node composition, food web models, 
428-429 

No man's land salinity, nekton species, 
348-350 

Nonbreeding activities, estuarine ecology, 
364 

Nonconservative constituent, estuarine 
chemistry, 42 

Non-steady state diagenesis, 

water-sediment interfaces, 48-49 
Nontidal temperate estuarine systems, 
characteristics, 132-133 
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Normal atmospheric equilibrium 

concentrations (NAECs), dissolved 
gases, atmosphere-water exchange, 
46-47 

Nursery grounds, nekton habitat, 335 
Nutrients. See also Food chains; Food webs 
benthic algae: 

growth limitations, 217-218 
recycling, 219 
sinks, 221 
sources, 215 

uptake and storage, 216-217 
budget analysis: 

estuarine losses, hotspot for, 459-460 
upside-down budget, 455-457 
climate change effects, delivery 
projections, 501-503 
ecosystem metabolism, inorganic 
nutrients, 393-395 
enrichment, human impact, 484-485 
mangrove wetlands, biogeochemistry, 
184-189 

microbial ecology, cycling, 253 
phytoplankton productivity and 
composition: 

addition bioassays, 95-97 
management, 102-105 
overenrichment effects, 98-99 
submersed vascular plants, 117 
Nutrient sink, benthic algae 
biogeochemistry, 221 
recycling, 219 

Nutrient spiraling, ecosystem metabolism, 
395 

Nutrient transport, budget analysis, 
450-452 

Ocean, microbial food web, 264-268 
biomass and productivity, 266-267 
dissolved organic matter, 265-266 
grazing, 267-268 
organisms, 264-265 
Oil discovery and consumption, 

conservation management and, 
489-490 

Oligohaline zone, generalized estuary, 5 
Oligotrophic systems, ecosystem 
metabolism, 384-385 
Olrganoheterotrophs, microbial ecology, 
carbon fixation and mineralization, 

245 

Omnivory, food webs, 418 
One-G model, organic detritus 
decomposition, 52 

Ontogenetic classification, zooplankton, 
285-287 

Open-water changes, ecosystem 

metabolism measurement, 387-389 
Opportunistic life history strategists, nekton 
taxa, 344-345 

Ordering energies, ecosystem 
characterization, 11-14 
Organic detritus: 

decomposition, 51-52 
ecosystem metabolism, 393-395 



exchange mechanisms, 395 
estuarine ecosystem, 7, 16 
human impact and addition of, 485 
microbial ecology, decomposition, 
253-255 

Organism-scale nitrogen budget, salt marsh 
ecosystem, 453-454 

Osmoregulation, nekton adaptation, 330 
Outwelling hypothesis, mangrove wetlands 
food web, 189-191 
Overhead, food web models, 434 
Oxic microshield, submersed vascular 
plants, 118 
Oxygen exchange: 

benthic algae productivity, 213-214 
benthos communities, 313-316 
submersed vascular plants, 118 
Oxygen sag, benthos communities, 315-316 
Oxygen saturation, submersed vascular 
plants, 119-120 

PAM chlorophyll a fluorescence, benthic 
algae productivity, 214 
Parameterization, estuarine ecology 
modeling, 522 
Parasites: 

food webs, direct trophic interaction, 
424-425 

nekton community, 351 
Parker River-Plum Island Sound case study, 
ecosystem metabolism, 399-400 
Particulate matter: 

biogeochemistry, 49-51 
edible/inedible particle concentrations, 
microbial food webs, 278 -279 
mangrove wetlands, 182-184 
Particulate organic carbon (POC): 
ecosystem metabolism, 395 
mangrove wetlands, 182-184 
transformation and cycling, 67-70 
Pelagic grazers, microbial food web, 
275-276 

Percolation rate, salt marshes, 144 
Periodic strategies, nekton taxa, 343-344 
Phosphorus: 

estuarine sources, 59-60 
inorganic-organic cycling, 61-62 
microbial ecology, 252-253 
sediment-water interface, 60-61 
Photoautotrophs, food webs, 418-420 
Photosynthesis measurements: 

benthic algae productivity, 213-214 
ecosystem metabolism, 383-387 
ocean food web, 267-268 
Photosynthesis vs. irradiance (P-f), 
submersed vascular plants, 116 
Photosynthetically active radiation (PAR): 
benthic algae, 209, 215 
phytoplankton productivity and 
composition, 93-95 
submersed vascular plants, 116 
Phylogenic organization, estuarine 
microbial ecology, 236 
Physical alteration, human impact 
classification, 484, 485-486 



Physiological indicator, coastal marsh 
productivity, 152 
Phytoplankton: 
chlorophytes, 87 
chrysophytes, 88 
communities, 89-91 
cryptophytes, 87-88 
cyanobacteria, 86-87 
diagnostic photopigments, 86 
diatoms, 88-89 
dinoflagellates, 89 
harmful algal blooms, 102 
human and climatic impacts, 98-102 
eutrophication dynamics, 99-102 
nutrient overenrichment, 98-99 
metabolism, 385-391 
nutrient management, 102-105 
ocean food web, 265 
cell size, 268-269 
productivity and community 
composition, 93-98 
light, 93-95 
nutrients, 95 
temperature, 95-97 
"top-down" control, herbivory, 97-98 
prymnesiophytes, 89 
research background, 85-86 
spatiotemporal patterns, 91-93 
Planar optodes, benthic algae productivity, 
213-214 

Planktonic food web, carbon flow, 263-265 
P-limitation, mangrove wetlands, 175 
Pollination, estuarine wildlife ecology, 
372-373 
Pollution: 

benthic community response to, 320-321 
ecosystem metabolism, toxic 
contaminants, 393-395 
estuarine wildlife ecology, 374-375 
human impact and, 484-485 
hydrophobic organic micropollutants, 
estuarine chemistry, 43 
zooplankton, 298-299 
Polyhalme zone, generalized estuary, 5 
Population dynamics: 
benthos, 316-317 
estuarine wildlife, 368-370 
lagoon fisheries, 466-474 
growth patterns, 467-470 
mortality rates, 470-472 
Russel's axiom, 466-467 
stock recruitment, 472-474 
Predation: 

benthos communities, 318 
estuarine wildlife population cycles, 
369-370 

food webs, indirect trophic interaction, 
425 

nekton: 

biotic factors, 350 
estuarine habitat predator-prey 
interaction, 333-335 
zooplankton, 294 

Primary production required (PPR), food 
web models, 436 
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Primary productivity: 
benthic algae, 223 
ecosystem metabolism: 

gross primary production, 383, 385, 
400-401, 407-408 
temperature, 392-393 
food webs, functional groups and trophic 
guilds, 418-420 
mangrove wetlands, 180-182 
microbial ecology: 

carbon fixation and mineralization, 

245 

grazing mortality rates, 268-269 
ocean food web, 268-271 

bacterial growth efficiency, 269 
eutrophication, 269-271 
phytoplankton cell size, 268-269 
salt marshes, 137-143 
Productivity. See also Primary productivity; 
Secondary productivity 
benthic algae: 

depth distribution, 208-210 
Diel cycle, 210-211 
energy regime, 210 
fauna facilitation, 223 
faunal biomass diversity and 
abundance, 222-223 
grazing, 218 

growth measurements, 212 
latitudinal geographic differences, 208 
light factors, 214-215 
nutrients, 215-218 
photosynthesis measurements, 
213-214 

seasonal cycle, 211-212 
spatial patterns, 208-210 
temporal patterns, 210-212 
benthos, secondary productivity, 

307-310 

coastal marshes, 139-142 
estuarine ecosystem, 15-16 
food webs, production efficiency, 420 
mangrove wetlands, 172, 180-184 
microbial ecology, 253 
net ecosystem production, budget 
analysis, 450-452 
ocean food web, 266-267 
zooplankton, 290-292 
Productivity measurements, coastal marsh 
biomass, 136-149 
flooding regime and rainfall, 145 
local productivity factors, 146-149 
marsh production factors, 143-149 
measurement methods, 140-143 
salinity, 145-146 
solar radiation, temperature, and 
evapotranspiration, 143 
stability indicators, 152 
tidal range, 143-145 
Prymnesiophytes, composition and 
function, 89 

Pulsing events, delta formation, 14 

“Qio ’’ factor, ecosystem metabolism, 
temperature, 392-393 



Quantitative analysis: 

benthos communities, 322-323 
budget analysis, salt and water mass 
balances, 450-452 
food web, 432-436 

dynamic simulation, 436 
food habits, 430-431 
indirect interactions, 435-436 
mass balance, 434 
total system properties, 434 
trophic structure, 434-435 
mathematical modeling, estuarine 
ecology, 519-520 

Radiocarbon signatures, ocean food web, 
organic matter source and utilization, 
271-272 

Rainfall patterns: 

climate change, storm frequency and 
intensity projects, 501 
coastal marshes: 

drainage basin patterns, 133-134 
flooding regime and, 145 
zooplankton, 289-290 
Recruitment: 

benthos communities, 316-318 
fish population dynamics, lagoon 
fisheries, 472-474 
nekton life cycle, 347-348 
zooplankton, 294-295 
Recycling, benthic algae nutrients, 219 
Redfield ratios, phytoplankton productivity 
and composition, 95 
Redox chemistry, biogeochemical 

thermodynamics and kinetics, 40-42 
Redox potential discontinuity, 

biogeochemical thermodynamics and 
kinetics, 41-42 

Reed beds, nekton habitat, 333 
Refractory phase, decomposition, 52 
Regulator strategies: 
benthos, 304-306 

ecosystem metabolism measurement, 
391-397 

mangrove wetlands, 172-175 
Relative sea level rise (RSLR): 
ecosystem effects, 505-510 
projections, 499-501 
Remane curves, benthos distribution, 
305-306 
Remote effects: 

Ekman transport, 30-32 
wind-driven circulation, 30-32 
Reproduction activity, estuarine ecology, 
seasonal variation, 364 
Reservoir, global biogeochemistry, 39 
Residual diversity/freedom, food web 
models, 434 

Resource uncertainties, lagoon-estuarine 
fisheries management, 474-476 
Respiration, ecosystem metabolism, 

383, 385 

light and water clarity, 392 
measurement, 385-389 
temperature, 392-393 



River flow: 

climate change and, projections, 

501-503 

ecosystem metabolism, 395-396 
estuarine ecology modeling, 523-526 
Rocky intertidal habitat: 
benthic algae, 207 -208 
nekton habitat, 334 

Rule of constant proportions, estuarine 
chemistry, 45 

Runoff decrease, coastal marshes, 155-157 
Russel's axiom, fish population dynamics, 
466-467 

Salinity measurements: 
benthos, 303-306 
budget analysis, 450-452 
coastal marshes, 145-146 
elemental solubility, 338 
estuarine chemistry, 45 
mangrove wetlands, 173-175 
microbial food web, 280-281 
nekton adaptation, 330-332 

growth, mortality and structure, 
348-350 

nekton distribution, 349-350 
submersed vascular plants, 117 
wildlife adaption, 365-368 
zooplankton: 

abundance, 291-292 
physiology, 288-289 
Salmonid case study, climate change, 
504-505 

Salting-in/salting-out effect, 

biogeochemical thermodynamics and 
kinetics, 40 
Salt marsh: 

assessment types and output analysis, 
153-154 

bacterial invasion, 248-249 
biomass and production, 135-136 
budget analysis, organism-scale nitrogen 
budget, 453-454 

coastal plain, geomorphic classification, 
22 

common species in, 132 
estuarine ecology modeling, 527-530 
nekton habitat, 333 
primary productivity in, 139-142 
salt production effects on, 375 
seasonal cycle, 136-137 
services of, 148-149 
vegetation zonation, 134-135 
worldwide classification, 131-132 
Salt production systems, estuarine wildlife 
ecology, 375 
Sampling techniques: 

benthos communities, 322-323 
zooplankton, 295-297 
Scale factors: 

budget analysis, 448 
food web models, 428-429 
Scheldt estuary case study, ecosystem 
metabolism, 404-407 
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Scientific community: 

climate change consensus and global 
solutions, 512-513 

mass balance applications in, 457-462 
Seagrass: 

aquatic life, 111-113 
benthic algae, 206-207 
colonization depth, 116 
decadal gains and losses, 123 
human impact, 122-123 
nekton habitat, 334 

nekton seasonal abundance patterns, 337 
plants and ecosystems, 118-122 
biogeochemical effects, 119-120 
food and habitat, 120-122 
water movement effects, 119 
regulation factors, 115-118 
inorganic carbon, 117-118 
light, 116 
nutrients, 117 

oxygen dynamics and sulfide 
invasion, 118 
salinity, 117 
temperature, 116-117 
spatial distributions, 113 
standing crop and production, 113-115 
structure and properties. 111 
Sea level variation: 
climate change: 

ecosystem effects, 505-510 
eustatic and relative projections, 
498-501 

coastal and estuarine geomorphology, 
19-20 

estuarine wildlife ecology, 373-374 
Seasonal cycle: 

benthic algae productivity, 211-212 
estuarine ecology, 364 
fish population dynamics, lagoon 
fisheries, 467-470 

nekton species importance and, 351-352 
phytoplankton distribution, 92-93 
salt marshes, 136-137 
zooplankton, 290-292 
Seawater: 

components, 45 

elemental solubility measurements, 47 
salinity measurements, 45 
Secondary plant compounds, 
decomposition, 52 

Secondary productivity, benthos, 307-310 
Sedimentary organic matter (SOM), global 
biogeochemistry, 39 
Sediment profiles: 

chemical/biological gradients, 313-314 
climate change and: 
sea level rise, 506-510 
transport projections, 501 -503 
coastal marshes, 155-157 
particle size and water energy, 313, 315 
submersed vascular plants, 120 
Sediment stabilization, benthic algae 
feedback, 222 
Sediment-water exchange: 

benthic algae productivity, 213 



dissolved nitrogen, 58-59 
feedbacks and interactions, 221 -222 
phosphorus, 60-61 

Seed dispersal, estuarine wildlife ecology, 
372-373 

Selective tidal stream transport (STST), 
zooplankton, 295 

Semidiurnal tide water, estuarine ecology, 
30 

Seston, suspended particulates and 
chemical interactions, 42-43 
Shallow subtidal habitat, benthic algae, 
207-208 

Sharmon-Weiner index, benthos diversity 
and, 310-311 

Shrimp ponds, estuarine wildlife ecology, 
375 

Silica: 

cycling, 62-63 
estuarine sources, 62 
Simulation models, budget analysis, 448 
Sink, global biogeochemistry, 39 
Size classification: 

benthos, 304-305, 308, 319 
phytoplankton, 268-269 
zooplankton, 285-286 
Social organization, estuarine wildlife 
adaptation, 367-368 

Socioeconomic development, sustainable 
management and, 491 
Soft-bottom habitats: 
benthic algae, 206-207 

biogeochemical cycling, 221-222 
nekton habitat, 334 

Soil, mangrove wetlands, waterlogged soils, 
170-172 

Soil interactions, mangrove wetlands, 175 
Solar heating differentials, estuarine 
circulation, 27-28 

Solar radiation, coastal marsh production, 
143 

Sorption/ desorption, reactivity, estuarine 
waters, 42 

Source, global biogeochemistry, 39 
Spatial mosaic, food webs, 426-427 
Spatio-temporal patterns: 
benthic algae, 208-212 
budget analysis, 447 
ecosystem metabolism measurement, 
391-397 

estuarine ecology modeling, 527-530 
food web models, 428-429 
phytoplankton, 91-93 
submersed vascular plants, 113 
Spawning grounds, nekton habitat, 335 
spawning strategies, 338-339 
Species richness: 

climate change, ecosystem effects, 
503-505 

estuarine wildlife, zonal distribution, 
362-363 

nekton habitat, 335 
Spring-reap cycle, tidal circulation, 30 
Stability, coastal marsh accretion and, 152 
Stable-isotope labeling: 



budget analysis, 449-450 
food web models, 431-432 
mangrove wetlands food web, 190-191 
microbial estuarine ecology, activity 
measurements, 243-244 
ocean food web, organic matter source 
and utilization, 271 -272 
Stagnant film model, dissolved gases, 

atmosphere-water exchange, 46-47 
Standardized forage ratio, food web 
models, 431 

Standing crop and production, submersed 
vascular plants, 113-115 
Static models, food webs, 436 
Statistical models, fish population 

dynamics, lagoon fisheries, 471-472 
Steady state: 

global biogeochemistry, 39 
water-sediment interfaces, early 
diagnesis, 48-49 
Storm surges: 

climate change, projections on frequency 
and intensity, 501 
wildlife adaption, 364-365 
Strainers, nekton behavior, 350 
Strain-induced periodic stratification, tidal 
circulation, 30 

Stress factors, coastal marsh productivity, 
149-150 

Submarine groundwater discharge (SGD), 
subterranean estuaries, 25-27 
Submersed vascular plants: 
aerobic metabolism, 112-113 
aquatic life, 111-113 
examples, 111-112 
human impact, 122-123 
plants and ecosystems, 118-122 
biogeochemical effects, 119-120 
food and habitat, 120-122 
water movement effects, 119 
regulation factors, 115-118 
inorganic carbon, 117-118 
light, 116 
nutrients, 117 

oxygen dynamics and sulfide 
invasion, 118 
salinity, 117 
temperature, 116-117 
spatial distributions, 113 
standing crop and production, 113-115 
structure and properties. 111 
Substrate-benthic relationships, benthos 
communities, 312-313 
Subterranean estuaries, geomorphic 
classification, 25-27 

Subtidal hard and soft substrate, nekton 
habitat, 334 

Succession, mangrove wetlands, 178-179 
Suckers, nekton feeding patterns, 350-351 
Sulfide, submersed vascular plants, 118 
Sulfur: 

estuarine sources, 63-64 
inorganic-organic cycling: 
estuarine sediments, 64-65 
estuarine waters, 65-66 
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microbial ecology, 248-251 
oxidation, 248-250 
Surface-associated grazers, metazoan 
grazers, food web, 276-279 
Surface Elevation Tables, 507, 509 
Surplus-production models, 

lagoon-estuarine fisheries 
management, 472-476 
Suspended particulates: 
estuarine chemistry, 42-43 
microbial food web, 279-280 
Sustainable management, ecosystem 
functioning and, 491 
System clearance times, bivalve filter 

feeders, water volume residence time 
vs., 277-278 

Taxonomic classification, zooplankton, 
287-288 

Tectonically-caused estuaries, geomorphic 
classification, 25 
Temperature: 
climate change: 

ecosystem effects, 503-505 
projections, 498 

ecosystem metabolism, 392-393 
microbial food web, 280-281 
nekton community: 
adaptation, 330-332 
growth, mortality and structure, 
347-350 

phytoplankton productivity and 
composition, 95-97 
submersed vascular plants, 116-117 
Terminal electron acceptors, 

biogeochemical thermodynamics and 
kinetics, 42 

Terrestrial herbivores, estuarine wildlife 
ecology, 370-372 

Thermal additions, human impact and, 485 
Thermodynamics, biogeochemical cycles, 
39-40 

Tidal circulation: 

estuarine ecology, 29-31 
wildlife adaption, 364-365 
Tidal forest. See Mangrove wetlands 
Tidal fresh water, nekton habitat, 333 
Tidal marshes, distribution and 
characteristics, 131-133 
Tidal phase lag, tidal circulation, 30 
Tidal pumping, tidal circulation, 30 
Tidal range, coastal marshes, 143-145 
Tidal river zone, estuarine geomorphology, 
21 

Tidal straining, tidal circulation, 30-31 
Tidal subsidies, salt marshes, 144 
Tidal temperate estuarine systems, 
characteristics, 132-133 
Tomales Bay case study, ecosystem 
metabolism, 397-399 
Top-down control: 

benthos communities, 318 
estuarine wildlife ecology, invertebrate 
populations, 372-373 
food webs: 



indirect trophic interaction, 425 
trophic cascades, 426 
ocean food web, 267-268 
phytoplankton productivity and 
composition, 97-98 

Top view hypothesis, generalized estuary, 
4-5 

Total contribution matrix, food web models, 
436 

Total dependency matrix, food web models, 
436 

Total organic carbon (TOC): 

budget analysis, organic carbon budget, 
454-455 

ecosystem metabolism, 393-395 
mangrove wetlands, 182-184 
organic matter characterization, 52-53 
Total suspended particulates (TSP), 
transformation and cycling, 
particulate organic carbon and, 67-68 
Total system properties/total system 

throughput, food web models, 434 
Toxic contaminants: 

ecosystem metabolism, 393-395 
human impact classification, 484, 487 
Transport-transformation model: 
budget analysis, nutrient transport, 
450-452 

ecosystem metabolism measurement, 
390-391 

Trilateral life continuum, nekton species, 
345-346 
Trophic level 
definition, 417 
canonical, food webs, 435 
virtual, 435 

food web projection to, 421-422 
fractional, average, 419, 421 
number of, food chain length, 420-421 
of detritus, 421, 435 
of fish harvest, 435 
and stable isotopes, 432-433 
Trophic interactions: 
benthos, 310-312 

ecosystem metabolism, cross-ecosystem 
comparisons, 406 
food webs: 

direct trophic interaction, 424-425 
food chains and, 417-418 
functional groups and trophic guilds, 
418-420 

indirect trophic interaction, 425, 
435-436 

structural analysis, 434-435 
trophic cascades, 426 
trophic efficiencies, 420 
zooplankton, 292-294 
Trophic spectra, food webs, 422-423 
Trophic transfer efficiency (TTE), food 
webs, 420 

Tropical-equitorial cycle, tidal circulation, 

30 

Turbidity. See also Estuarine turbidity 
maximum (ETM) 
estuarine wildlife adaptation, 367 



submersed vascular plants, 119-120 
Turbulent atmospheric zone, dissolved 
gases, atmosphere-water exchange, 
46-47 

Turnover time, global biogeochemistry, 39 
Tychoplankton, 285-286 

Unassimilation, food web models, 430 
Unit variation, budget analysis, 450 
Universal gas constant, biogeochemical 
thermodynamics and kinetics, 40 
Upside-down budget, nutrient inputs, 
455-456 

Upstream alteration: 

coastal marsh management, 157 
human impact, 485-486 
Uptake rates, benthic algae, 216-217 
UpweUing index, ecosystem metabolism, 
399-400 

Validation, estuarine ecology modeling, 522 
Vegetation zonation, salt marshes, 134-135 
Velocity ratios, submersed vascular plants, 
water movement consequences, 119 
Velocity shear, gravitational attraction, 
estuarine circulation, 28-29 
Vertical transport, ecosystem metabolism, 
organic matter exchanges, 395 
Virioplankton, abundance of, 239-240 
Viruses: 

microbial estuarine ecology, 239-240 
ocean food web, 264-265 
Vivipary, mangrove wetlands, 170 
Volatile sulfur compounds, microbial 
ecology, 250-251 

Von Bertalanffy equation, fish population 
dynamics, lagoon fisheries, 468-470 

Water balance, estuarine geomorphology, 
21-22 

Water clarity, ecosystem metabolism 
measurement, 391 -392 
Water movement: 

estuarine ecology modeling, 527-530 
submersed vascular plants, 119 
Water residence time, ocean food web, 
273-275 

Water-sediment interfaces: 
estuarine chemistry, 47-49 
diagenesis, 48-49 
turbidity maximum, benthic 

boundary layer and fluid muds, 
47-48 

ocean food web, water residence times, 
273-275 

Watershed dynamics, estuarine ecology 
modeling, 530-534 
Water volume residence time, system 
clearance times vs., microbial food 
webs, 277-27S 

Well-mixed thin-film liquid zone, dissolved 
gases, atmosphere-water exchange, 
46-47 

Wetland elevations, climate change, sea 
level rise and, 505-510 
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Wildlife, estuarine ecology: 

adaptation mechanisms, 364-368 
bird foraging behavior and adaptation, 
358-364 

climate change, 373-374 
coloration, 367 
competition, 369 

density-dependent processes, 368-369 
disease, 369-370 
diversity patterns, 357-358 
faunal endemism, 358-364 
fire effects, 374 
functional diversity, 358 
herbivory, 370 -372 
human impact, 375-377 
invasive species, 373-374 
limitation and regulation factors, 
368-370 

macroevolutionary shifts, 364 
nonbreeding functions, 364 
pollination and seed disposal, 372 
pollution effects, 374-375 
predation, 369 
reproduction, 364 



salinity gradients, 365-367 
salt production and shrimp ponds, 375 
sea-level rise, 373 
seasonal use, 364 
social organization, 367-368 
species richness and distribution, 
362-363 

tidal cycles and storm surges, 364-365 
top-down invertebrate population 
control, 372-373 
turbidity, 367 

Wind-driven circulation, estuarine ecology, 
30-32 
Wind stress: 

ecosystem metabolism, 395-396 
nekton species, 349-350 

Year class success, nekton life cycle, 347 
Yield-per-recruit model, lagoon-estuarine 
fisheries, 471-476 

Zonation, mangrove wetlands, 178-179 
Zooplankton: 

classification, 285-287 



ontogenic classification, 285-287 
size, 285-286 
defined, 285 

dispersion patterns, developmental 
stage, 288-289 
dominant taxa, 287-288 
estuarine distribution patterns, 289-290 
herbivory, phytoplankton control, 
97-98 

human impact, 297-299 

eutrophication and pollution, 
298-299 

fresh water diversions and dams, 299 
introduced species, 297-298 
latitudinal gradients, 292 
physiological changes, 288-289 
predation, 294 
recruitment, 294-295 
sampling techniques, 295-297 
seasonal abundance and production, 
290-292 

trophic interactions, 292-294 
Zooscan sampling, estuarine zooplankton, 
296-297 



